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PREFACE :rp THE FIRST EDITION. 

A SHORT course of lectures on Aero Engines was given by the 
author at the Northampton Polytechnic Institute during 1914. On 
th^ suggestion of Mr Charles E. Laiard, M.Inst.C.E., M.I.M.E., 
Head of the Erfgineering Department, the matter contained in 
these lectures — necessarily , somewhat rearranged and largely 
extended—is now issued in book form, in the hope that it may be. 
found of assistance a wider circle'of readers. 

Tlfe engines are ^'dassified as HorizontaJ, Radial, Diagonal, 
Vertical, and Rotary; aitarsome preliminary theoretical matter, 
one or two typical engines of each of these five classes are 
illustrated and described in some detail. This is thought to be- 
preferable to the alternative of giving very brief relprepces to a 
larger number of the exceedingly numerous aero engines that have 
already appeared. 

The author desires to express his thanks for assistance rendered 
to him by the followjng gentlemen and companies: Messrs C. E.’ 
Larard; Col. H. C. L Holden, C.B.; Basil Joy; 0. Paul Monckton; 
The Austro-Daimler Co.; The * Milnes-Daimler-Mercddes Co.; 
The Gnome Engine Co.; The Green Engine Co.; The Wolseley Co.; 
The Anzani Engine Co.; The Salmson Engine Co.; and the 
Proprietors of Flight and The Engineer. 

G. A. B. 

4 Lloyd’s Avbnue, E.C. 


PUBLISHERS’ NOTE. TO TENTH EDITION. 

Tnis.book has proved itself to be indispensable to thousands of 
yc*mg men undhr training for the Air Service, as is evidenced 
Ijy the sale of another edition in six months'." It provides an in¬ 
valuable theoretical basis for practical training, and has become 
an accepted textbook for designers and students. Under strict 
censorship the author is precluded froin»|idding more than a brief 
■ Appendix to this jdition. 
fijrww '1918. 
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, 1 , -1 rot.'Uiou on (ho wholo sv.si,.,,! " 

Tin; nuKlitionihm is nxhihil,.,! in tl.o b.l.io Innvn.nlor 

. “■ 


« It'MJl. 

Cyliixlers 

(D’lmkshaft 

Cuni.slial’t 

N^iiulier of ciuns 


lEi'ii.d ciiuiiic. 

I X < ^ luuj-t > |K'i 
'•Milk (till. 


Il.llr o! 


0 

+ [ 

1 

N i 


cjii^nn 

N '•yhiiil<'jM [I' l ciuuk-jim. 


KiU' <il iniulion. 


I 

I : 


I) - 1 -1 

+ 1 I-O 


.\“l 


N 

' -N' 1 


X 1 


X ) 


Unnce in tlKM-aso of a rol.ary onyiin- tho MinslKift rovolvos in 
the mvu (bmlion as tho cylindor.s, In.!, at a sonu-what ,r,,atei- 
speed, namely, in the ratio at K lo (\- |). 

Jor exiimple, in llie uidl known ninr-eylinder I'leront rolarv 
engine, we have;— ^ 


N = 9. 


rotation^ -]. 
CVanksli.'ift, rotation =- (). 

Cranishart. rotation = 


N' 

X -1 ~ 

Number of eams= N_T„L-=4 

,) T ’ ■ 


Bo that in this engine (he o.ani.shafl revolves in the a,aine direction 
«.the Cjlinders, and at, I f t:«timi;s their rate. ' ■ 






AEKO ENGINES 


SIJAPTER L 

WEIGHT: EXTERNAL-COMBUSTION ENGINES: THE 
CARNOT CYCLE; IMPRACTICABLE. INTERNAL- 
COMBUSTION ENGINES: THE OTTO, OR POUR- 
STROKE CYCLE: FURTHER CONSIDERATIONS.. 

Mechanical flight—of which man has dreamed since the Athenian 
Dajdaltts was fabled to have fitted himself with wings and flown 
across the .^gean Sea—Iras at length, in our day, been actually 
realised. . 

Within the past hundred years several able investigators have 
devoted attention to the problem, but the want of a means of 
obtaining sufficient power output within a very low limit of weight 
rendered success impo.ssible, and even inconceivable, until the 
invention and subsequent rapid development of the small high¬ 
speed petrol engine, for which the world is so largely indebted to 
the enterprise, ingenuity, and perseverance of the late Herr Gottlieb 
Daimler (1834-1900), who retired in 1882 from his post in the great 
Deutz works in order to devote himself to perfecting the little 
en^es with which his name will ever be honourably associated. 

For it is to the small high-speed petrol engine that the final 
realisation of mecKanical flight is entirely due, no prime mover 
at present known approaching this in respect of the high value 
of the ratio of power output to weight; reliable petrol engines are 
now produced in large numbers weighing no more than from about 
lbs. to 6 lbs. per brake horse-power whe» run at the relatiyely 
mbderate speed of only^ about 12Q0 revolutions per minute. 

Thjs is truly a miracle of designing and constructive progress, 

1 



2 ABEO ENGINES. 

it is remembered that the early stationary petrol engines 
’{circa 1880) weighed upwards of 1000 lbs. per 3.H.P.. W 
•Daimler’s small high-speed engines of -1886, running a 
r.p.m., weighed nearly 90 lbs. per B.H.P, • 





/SSm. 


• 

The striking contrast between the size and weigh* of aero 
engines and those of equal-powered petrol engines of stationary 
ty^ is clearly exhibited in fig. 1, which shbws-to the 
l^tline views of thrhe petrol-driven engines, each of 76 B.H.F. 
The uppermost of these illustrates a standard sing e-plmdm 
horizonS single-acting, stationary engine,-as so largely used m 
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land installations; this runs pormally at about 200 rlp.m., and'has 
a grosg weight o£ roundly 15,000 lbs. 

The'lower left-hand illustration is of a typical six-cylindec 
water-cooled aero engine, filso of 75 B.H.P. when running at its 
normal speed of 1200 r.p.m. The engine weight has now, however, 
undergone an enormous reduction, being but 410 lbs., or only about 
jVth*of that of the stationary engine! 

The third illustration is also of a 75 B.H.P. aero engine, this 
time of 'the seven-cylindered rotary air-cooled type, running 
normally at 1200 r.p.m. Here the engine weight is reduced to 
only 205 lbs., i.e. about ^rd of that of the equal-powered stationary 
engine. • 

It must be remembered, iiuwever, that the mas.sive, slow-running 
single-cylindered horizontal engine will work quietly and steadily 
at full power for years with a very small amount of attention, 
' whereas “the exceedingly light high-speed aero engines .require at 
, pre.sent comparatively frequent dismantling and renewals of worn 
parts and a considerable amount of careful skilled attention lo 
keep them in satisfactory running condition. 

It is well understood by engineers that in similar engines the 
weight per B.H.P. increases with the,size; to meet the demand 
for high;powered internal-combustion engines, in recent years 
designers have accordingly produced multi-cylindered engines, 
usually of the tandem vertical type, with considerable saving in 
weight, although the single-cylinder, single-acting horizontal 
design is still largely used for outputs of up to about 150 B.H.P. 
for stationary work. 

Aero engine designers have often achieved great weight reduction 
by using a large number of cylinders, and designs embodying eighteen 
and twenty cylinders are referred to later in this volume; the result¬ 
ing complexity, and exceedingly large number of separate parts, 
involve a great amount of time and cost in dismantling and re¬ 
assembling, which is a very serious disadvantage. Constructors in 
increasing number^ are now producing six-cylindered vertical aero 
engines, and also eight-cylindered diagonal or “ Vee ” designs—both 
water-cooled,—these running for longer periods without requiring to 
be dismantled, though'in each type the weight per B.H.P. materially 
exceeds that of the multi-cylindered air-co^d rotary design. , 

The statement below gives .the average weight per B.H.P. "of 
several standard types of single-acting four-stroke internal-corn- 
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AERO ENGINES. 


bustion engine for sizes up to about 200 B.H.P.; the figures given 
include the weight of flywheels (where, fitted)* and als^ such 
immediate adjuncts as magnetos, carburettors, and oil an’d water 
pumps, but" do not include the weight, oi the radiator or of the 
water, oil, and petrol used by the engine when running. 


Average Weights in Lbs. per B.H.P. 


Tyfk. 


Lbs. per B.H.P. 


Stationary l-cylinder Diesel engines. . . ‘ 600 

„ 2-cylinder ^ „ . 500 

„ 3-cylinder „ „ . . 350 

Marine Diesel engines . . . . . 200-'l00 

Horizontal 1-eylinder oil (kerosene) engines . 300 


„ „ stationary coal-gas engines 150-200 

Specially light high speed Diesels for submarines 60 

4-<5yli£ider petrol or kerosene engines for motor ' , 

boats.60-80 

4-cylinder petrol engines of motor cars . . 16-25 

“ Aero ” petrol engines, 4-20 cylinders . . 2^-6 


The petrol engine is essentially a hot-air engine, the function 
of the small proportion of petrol vapour (only some 2 per cent.) 
with which the air is “ carburetted ” being to cause an almost 
instantaneous and very intense heating of the “charge” when 
exploded or “firod” by the ignition apparatua 

The combustion of the air-heating fuel thus occurs nearly in¬ 
stantaneously within the engine cylinder itself, whence the phrase 
“ internal-combustion engine,” in contradistinction to certain earlier 
types of hot-air engine whenein the working air was heated by an 
external furnace, and which may hence with propriety be termed 
“ external-combustion engines.” , 

These early external-combustion hot-air engines were theoreti¬ 
cally of much higher thermal efficiency than the four-stro]fe cycle 
engines now so universally ^nd successfully employed; it^s of 
interest, therefore, to examine briefly their cycles of operation in 
order to understand how it has happened that the cycle of 
maximum thermal efficiency involves exceedingly bulky arid heavy 
engiqes, and is entirely; hnsuitable to the practical requirements of 
power users. . _ • ’ 

The reader is here reminded that the -fundamental relaticm 
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always connecting the pressure, volume, and temperature of* a 
perfe^ “gas is: . 

Pi;=cT, . , . (1) 

where P = Absolute pressure in lbs. per square foot. 

t)=The volume of 1 lb. of the gas, in cubic feet. 
c=A constant for any, the same, gas. 

T=Tho absolute temperature of the gas in ° F. 

„ = Ordinary temperature in ° F.+4C0. 

• 

For our purpose here. Air may be taken to be a perfect gas. 
At atmospheric presgure of 14-7 lbs. per square inch, and at a 
temperature of 32°*F'^;,it is found by experiment that 12‘387 cubic 
feet of air weigh 1 lb.; he ve putting, in Eq. (1), 14'7 x 144 for P," 
12'387 for V, and (460+32) for T, we have: 

14-7 X144 X12-387=c X 492 f 

whepce,*for air, the constant c has the value 53-29. 

Thus the characteristic equation for dry air is: . . 

Pu=63-29T.(2) 

Observe from Eq. (1) that if the temperature of an enclosed mass 
of gas be increased without change qf yolume, the resulting increase 
of pressure is proportional to the increase of absolute temperature; 
that is, PooT when v is constant. 

The British thermal unit (B.Th.U.) is the quantity of heat 
necessary to raise 1 lb. of water from 39° F. to 40° F., and its 
mechanical equivalent, J, is 778 foot-lbs. of work. 

Let Ic, denote the quantity of heat necessary to raise 1 lb. of 
air at constant volume through 1° F.; then kv is termed the specific 
heat at constant volume, and at ordinary temperatures has the 
value 0-1689 B.Th.U. for air. If be assumed as constant in 
value, then the heat, Hn, required.to raise 1 lb. of air at constant 
volume from temperature Tj to temperature T is given by: 

H.=ib,(T-T„) B.Th.U. (3) 

, Again, it is evident from Eq. (1) lhat if the temperature of a 
mass of gas be increased without change of pressure, then the 
increase of volume is proportional to the increase of absolute 
temperature; or, briefly, oocT when P i8.constant. ^ 

The quantity ofjieat necessary to raise 1 lb. of air at constant 
pressure through 1°"’F., ie. the specific heat at constant pressure. 
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is denoted by hp, and for air this has .the value at ordinary tempera¬ 
tures of 0'2374 B.Th.U.; thus the heat, H,, required to r4ite 1 lb. 
of air at constant pressure from temperature Tj to temperature T 
is given by 5 , 

Hp=fcp(T-T,) B.Th.U. . . . (4) 

The value of kp exceeds that of /«„ by the heat equivalent of 
the external work done by a gas when heated at constant pressure; 
for air this external work amounts to 

{0'2374—0'1689} x 778 = 53’29 foot-lbs. per lb.; 

it will be noted from Eq. (2) that tins > the value of the 
.constant, e, for air. Thus it is clear .i\xafc = 3{lcp-k^ ibot-lbs 
per Ib. ° F. 

Usually in the working of heat engines, owing to the variation 
m the rate of supply of heat, both P and v vary simultaneously 
In genMral,* an equation of the form: 

Pv"=a constant , , , ..(6) 

is in practice found to be competent to represent the relation 
between the changes of P and v, n being a constant tindex: The 



curves corresponding to this equation are afl of the general form 
indicated in fig. 2; if the working air be initially at volume 
t;o*=OM and pressure P(,=MA (so. that the constant ” in Eq. (6) 
has the value PoV#*), and finally at volume b=ON and pr^ure 
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P=NB, then the external work, W, done by the air In expanding 
from QM to ON is: _ 

W = Area AMNB= fpdv 


As, from Eq. (5), P=, this becomes: 

and this is easily found to have the value: 

foot-lbs. per lb. 
n—1 ^ 


( 6 ) 


But, as air is sensibly a perfect gas, we have by Eq. (1), P„'y 5 =cT„ 
and ?■!; = cT; hence from Eq. (6) we get: 


W = ~ (To - T) foot-lbs. per lb., (7) 

which shows that in expansion according to the P«” law the 
external work done is proportional to the change of temperature ‘ 
of the working air. 

The heat, H, that must be giv«n*to the working air in order 
that it m*ay expand in accordance with the Pv” law is equal to the 
(algebraic) sum of the heat equivalent of the external work done 
and that of the change of internal energy of the air; that is: 


As e—3(kp—kc), we have on substitution in this result, and 
reduction: 

H = ^=^(T-T„) B.Th.U. per lb. . . (9) 

This shows that the heat to be expended on the air is also pro¬ 
portional to the bhange of temperature, and further, that the air 
exjiands with an apparent specific heat which is constant, and equal 

to B.Th.U. per lb. 
n—l ^ 

The two modes of expansion of fuftdamental importance in 
heat engine theory are; (1) Isothermal expansion; (2) Adiaby.tic 
expaMion. 
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- (1) In isothermal expansion the temperature of the air remains 
constant throughout. , , . 

As P«=cT always, this implies that the value of the‘product 
Pv remains constant in isothermal expansion, i.e. the isothermal 
equation for a perfect gas is: 


P'y = I’o’^o.^ (10) 

Hence the external work done in expanding from volume Vq to 
volume V is: 

rdv 

W = P(,i;Jfoot-.lKs. per lb. , (I'l) 

The ratio — is the ratio of isotliorfhal expansion, and is con¬ 
veniently denoted by p ; thus, in tliis case: 

' • W = Pj^o log, P I'oot-lbs. per lb. ... (12) 

■' '• ■■ »-cT„log,/) „ „ . . (13) 

As the internal energy of a perfect gas depends only on its tem¬ 
perature, it follows that in isothermal change the internal energy 
of the air remains constant.- -Hence in isothermal expansion the 
heat given to the air is the exact equivalent of the external work 
done by the air; and conversely, in isothermal compression, the 
heat that flows from the air during compression is the exact 
equivalent of the work done on the air in compressing it. 

Isothermal expansion corresponds to w = l in Eq. (5); but we 
have to integrate this case specially, as, on putting to = 1 in Eqs. (6), 

(7))i(8), and (9), these all assume the indeterminate forin—. 

0 

(2) Adiabatic expansion is the name given to that kind of 
expansion when the working air-is totally cut off from any heat 
communication with external bodies. The equation is very readily 
obtained from Eq. (9); for as no heat can pass into or away from 
the air, we must put H = 0 in Eq. (9), and thence deduce the corre¬ 
sponding value of n. Now, if'H=0, we must have; 


Heiice 

TO —1 


TO/r® — Jcp 

t 


(T-T„)=0. 


must be zero; that is, to must have the value 


kp 

h. 



usu 
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k * • 

The ratio ^ is of eonstapfc occurrence in heat theory, and is 

alTy. denoted by y\ thuS’: 



and thus the adiabatic equation for a perfect gas is: 

PtiY=a constan t = , 




. (15) 


Pj, Dj being tlie initial pressure and volume respectively. 

In adiabatic expansion the external work is done at the expense 
of the internal energy of tlie expanding air; its temperature and 
pressuA consequently fall very rapidly as the expansion proceeds; 
the relation between temperature and volume is easily found. For 
Eq. (15) may be written: 

P-y X =Po«o X V'> 

».e. cTxyY-i=cToXV''; 


hence: 




. ( 16 ) 


Similarly, the relation between temperature and pressure is 
easily found to be: 


T 

T 

•*^0 



. ( 17 ) 


For air, the value of y is = 1'4066; it is usually sufficient to 
O’lOby 

take 1’4 as the value. 

The Perfect Heat Engine.—In 1824 Sadi Carnot first de¬ 
scribed a heat engine of maximum possible thermal efficiency. 
The working substance or “ vehicje of heat ” may be <my substance 
which is affected by heat, but we here consider air, regarded as a 
perfect g®'®' S'® the working substance, since the engines later 
refeped to herein'are essentially air engines. Carnot’s imaginary 
engine, illustrated diagrammatically an fig. 3, may be regarded as 
comprising the usual cylinder, piston, connecting-rod, crankshaft, 
and flywheel, together with a reservoir of heat (as, e.g., a furnace), 
which is always at a high (abs.) tempdtj.ture Tj, and a ^econd 
reservoir (as, e.g., a condenser) always at the low (abs.) temperature 
Tj. The piston and' cylinder barrel are supposed to be absolute 
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non-conductors of heat, while the cylinder bottom is conceived as 
ah absolute conductor, but with no capacity for heat. 

. Suppose the.engine to be started by pulling round the fly¬ 
wheel ; the order of operations is then as, fpllows:— 

1. Let the piston be in the “ out ” position 1, and suppose the 
cylinder to then contain 1 lb. of air at pressure Pj (=A1), volume 
Vi=OA, and (abs.) temperature Tj° F. 

2. The crankshaft continuing its rotation, .the piston moves 



Fio. 3.—Diagram of Carnot air engino. 

inwards towards the left, compressing the air as indicated by the 
curve 1-2; during this first portion of the compression stroke, 
Carnot supposed the cold reservoir to be in contact with the 
cylinder bottom, so that the temperature of the air remained 
constantly at Tj during the stage 1-2. Thus 1-2 is an isotherm'; 
the work done on the air by the crank is represented by the area 

A12B, which by Eq. (11) is expressed by PjDj log,^^, or, by aid 

of Eqt (1), by cTj log, foot-lbs. This expression also measures 
the auantitv of heat that flows from the air into the cold bod;y;. 
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3. At the point 2, determined in a manner to be presen&y 
showft the cold'body is suddenly removed, so that the remaining 
portion, 2-3, of the in-stroke is performed with the air cut off from 
any heat comraunicatioQ from without. The compression period 
2-3 is thus adiabatic, and the pressure and temperature rapidly rise, 
as indicated by the curve 2-3. 

The point 2 is so chosen that just as the piston reaches its 
extreme “ in ” position, 3, the temperature of the air has risen to 
Tj, the temperature of the hot body. 

During this compression period 2-3, no heat has been received 
or rejected by the aii; the work done by the crank on the air is 
represented by the area B23C, and this by Eq. (7) is'expressed by, 


y-1 


(Tj—Tj) foot-lbs., which measures also the addition to the 


internal energy of the air. 

4. The piston now commences its out-stroke, and the hot body 
is instantly applied to the cylinder bottom, so that during the first 
period, 3-4, of this stroke the expanding air is maintained itr'the 
constant temperature Tj. Thus, 3-4 is an isotherm, and the work" 
done -by the air on the crank is represented by the area C34D, 


which (Eq. 11) is PjDjlog, fdof-lbs., or, as P 5 'Uj=cTj (Eq. 1), 

by cTj log. foot-lbs., and this also measures the heat received 

by the air from the hot body during this period. 

5. At a point 4, determined as shown below, the hot body is 
suddenly removed, and the remaining portion, 4-1, of the out-stroke 
is performed by the air cut off from any heat communication from 
without. The expansion period 4-1 is thus adiabatic, and the 
pressure and temperature rapidly fall as the expansion proceeds. 
The point 4 is so chosen that, just as the piston reaches its extreme 
"out” position, the temperature of the working air has fallen to 
Tj, ie«to the temperature of the cold body. 

The work done by the expanding air ,on the crank during 4-1 
is represented by the area D41A, and this, by Eq. (7), is expressed 


by~^ (Tj-Tj) footrlbs., and is derived from the internal energy 
y-1 ^ 

of the working air, which is accordingly diminished by this amount; 

it will be observed that this is .exactly equal to the increase in the 

internal energy of the air during the period 2-3. 
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Having returned to the point 1, we have now the 1 lb. of working 
air in exactly the same state, as to pressuj-e, volume, and tempera¬ 
ture, as at the commencement of the series of operations; the same 
cycle is now repeated continuously so Ipng as the engine is rumiing. 

In orre complete cycle of operations—which occurs once during 
each revolution of the crankshaft in the single-cylinder single- 
acting engine here contemplated—the work done hy the a'r on 
the crank is represented by the area C341AC, while the work done 
on the air by the crank is represented by A123CA; the difference, 
viz. the enclosed area 1234, represents the excess work done per 
cycle hy the air on the crank,' i.e. the useful v(ork, U, of the engine 
per revolution. ' 

Ihe points 2 and 4 on the diagrams are determined as follows:_ 

1-2 and 3-4 being isotherms, and 2-3 and 4-1 adiabatics, we have; 

Pjtlj = P^'y2, P3t<3 = P4V4, P2W2’'=P3ll3r, and P4t’4’' = ,Pl'*'l’'" 

Multiplying these four equations all together gives: 

"■ 'yi«2’'W=WW. 

from which we at once have: 

= 

or the isothermal expansion ratios are equal; and also: 



i.e. the adiabatic ratios are also equal. 

Denote the isothermal ratios by p, and the adiabatics by r, and 
let the total expansion ratio be X. Then 


^2 ^ 3 ’ 

X=pr-.(18) 

In working out a concrete example, we may assume Pj, Vj, Tj, v^, and 
Tj as data; i.e. we have given the initial condition, the tempera¬ 
ture limits, and the total expansion range. The correspoading 
adiabatic expansion ratio is then found thus: 


so that 
i.«. 


I’2V = I’3V. 

P2t)jXU2V-I = P3'y3Xt:,r-i; 


T 




V, 



I 

y-1 

t 


(19) 
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so that the adiabatic expansion ratio depends only upon the tem- 
peratiyo limits. . 

To determine the isothermal expansion ratio, we have, from 
Eq. (18), P = ^, whence by Eq. (19): 

P = .... (20) 


thus the isothermal ratio depends upon the temperature limits and 
the total*expansion ratio jointly; as p must be greater than 1 , it 

follows that X must always be taken greater than 


1 

w-l 


Consider next the thermal efficiency of the engine. Thermal’ 
efficiency is the ratio of the useful work done to the heat supplied; 
so that in this case: 


Thermal efficiency = „ , - - . 

eT,log,p 

But the useful work done is the diflerence between the'fieat 
supplied to and rejected by the working air during the isothermal 
periods 3-4 and 1-2 respectively, since no heat is received or rejected 
during 2—3 and 4-1, and also the changes of internal energy during 
these periods exactly cancel one another. Thus we have: 


U=cT 3 log.p-cl\log,p, , . . ( 21 ) 

whence the fundamentally important result that for the Carnot 
cycle of operations'the 

Thermal efficiency = ^ ~ P — 

^ cT 3 log.p T 3 ’ 

• T 

1-9. Thermal efficiency = 1 —,.J. , . . ( 22 ) 

The thermal efficiency is thus always less than unity, but increases 
T T 

as the tatio =1 diminishes; J is diminished by making the cold 

• •*^3 -*^3 . 

body as cold as possible, and the hot body as hot as possible. 

The expression ( 22 ) is the maximum possible thermal efficiency 
of (my heat engine working between the temperature limits Tj and 
Tj, no matter what "vehicle of heat” be ergployed; for its realisa¬ 
tion, Carnot pointed out that tbs cycle of operations must fulffi tbe. 
follojving conditions r— 
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1. All the heat must be received by the working substance at 
the higher temperature Tj. 

, 2. All the rejected heat must be reiocted at the lower temcera- 

tur'eTi- 


'3. The cycle must be reversible. 

An engine satisfying these conditions is termed an elementary 



Fio. 4 .— Indicator diagram of Carnot air engine. 


heat engine, and cannot conceivably be exceeded in thermal efficiency 
by any other engine whatever, working between the same tepipera- 
ture limits. It is the ideally _ perfect heat en^jne of complete 
thermal efficiency. 

It unfortunately happens, however, that this excellent cycle 
cannot be actually realised, on account of certain insuperable 
practical difficulties. Ip brder that these difficulties may be appre- 
cmted fig. 4 has been drawn, showing, to scale, tl» indicator diagram 
of a Carnot air engine using 1 lb. of air initially at atmospheric 
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pressure (14'7 lbs. per square inch) and 70° F.; the total expaasi&n 
is tal^an at the large value‘15, and the upper limit of temperature 
as 800°‘F. ■ . 

The process of calculation may be arranged as follows:— 

We are given Tj = 'Vo‘+460 = 530, Tj = 800 + 460 = 1260, 
Pj=14’7 X 144 = 2116'8 lbs. per square foot, and X=15. 

Ip Eq. ( 2 ), put P=2116'8 and T = 530; then we have i;j=13'3 

cubic feet. And as v^=^, we have 113 =0 89 cubic feet. 

Next, by Eq. (20) the isothermal ratio is: 


/!) = 15x 


'MOY-5 

d 260 y 


= 1-72. 


Hence 

and 


%=—' = ?-'^=7'75 cubic feet, 

® p 1-72 

v^=px '!)j=1'72X089 = 1‘53 cubic feet. 


As to the pressures, we have Pj=2116'8 lbs. per square foot 
= 14’7 lbs. per square inch. Also, by Eq. (2), Pj x 0 89 = 53'29 x-I 


whence P 3 =75,444 lbs. per square foot=524 lbs. per square inch. 
Then P^=- ® = 304‘6 lbs. per square inch, 

p j.' I z • • 

and i’j=pPj = 1-72 X14-7 = 25‘3 lbs. per square inch. 


Denote by p the mean effective pressure during the working 
stroke, in lbs. per square inch; then p is the average vertical height 
of the enclosed area 1234, and is evidently determined from the 
relation 144p(t'i-t'g) = U=<!(T 3 -Tj) log.p (Eq. 21). 


c T — T 

Thus: p = —- - log, p lbs. per square inch. 


(22a) 


So that in this case p = — ^ = 11 '56 lbs. per square inch. 

^ 144x12-44 ^ 


Lastly, the thermal efficiency, by Eq. (22), has the value 
S30 * 

1 —j^gg=0-58; that is to say, with the temperature limits as 

taken, this ideal heat engine of maximum theoretical efficiency can 
convert 58 per cent, of the heat given to it into useful work. 

Consider next the probable weight and size of such ap air 
engine;—It must be sufficiently strongly constructed throughout 
to withstand safely the very high compression pressure of 624 lbs. 
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per Square inch, which is about the same as the maximum working 
pressure of the modern Diesel heavy-oil engine; and single-cyjinder, 
single-acting Diesel land engines commonly weigh about 600 lbs. 
per B.H.P. 

But although the engine must be designed for a cylinder 
pressure of over 500 lbs. per square inch, the mean effective pressure, 
upon which alone the horse-power depends, is only 11J lbs, per 
square inch, i.e. only about one forty-fifth part, of the maximum; 
evidently, then, the engine must be very heavy for its power. 

Also, it is easily found that with a cylinder 30 inches in diameter 
the stroke of the engine must be, roundly, 30-J inches in order that 
the piston displacement per stroke {=(Vi—v^)) may bfe 12'44 
cubic feet. 

Modern Die.sel engines are run at a piston .speed of about 600 
feet per minute, which, for the imaginary engine here contemplated, 
would correspond to 118 revolutions per minute; but so' great a 
speed as this is not available, on account of the insuperable prtwltical 
'clfEluUlties encountered in the attempt rapidly to heat and cool 'a 
.comparatively large volume of air, and external-combustion hot¬ 
air engines were actually run at only from about 100 to 200 feet 
per minute piston speed. Tljus we cannot safely assume a revolu¬ 
tion speed of more than 40 per minute for this case. 

The indicated horse-power at full efficiency would accordingly be; 

I.H.P. = 0-7854 X 30* x 11-56 x X 40 x 

X A oOfUvU 

=25-1. 

in the ideally perfect case of no waste of heat. 

Practically, however, there is considerable waste of heat, and 
also the cycle cannot be carried out perfectly, with the result that 
the thermal efficiency actually realised is only, at best, about one- 
fifth of that indicated by theory, so that the I.H.P. obtained would 
be only about 6. The great bulk of these engines also results in a 
low mechanical efficiency; in the most favourable circumstances, 
taking 0-6 as the value of the mechanical efficiency gives us 5 x 0-6 = 3 
as the B.H.P. of the engine. 

Lastly, a 30''x30|" single-cylindered, single-acting engine to 
withstand a compressiop 'pressure of 524 lbs. per square inch would, 
f^om analogy with the modern DieseUand engine^ weigh fully 50 tona 
Thus our Carnot air engine would weigh about 17 tons per B.H.P. 
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Tie utter impracticability of this type of engine is thus 
manifest. . By modifications of Cycle—as described in the regular 
treatise! on heat engines'^—^the difficulties of excessive bulk and 
weight in proportion to power wore somewhat reduced, but it 
was ultimately found impossible to make a practical success of this 
type of engine, in spite of the allurement of its perfect theoretical 
efficiency. 

In illustration of the length to which constructors went, and to 
furnish a contrast with modern practice in quick-.speed internal- 
combustion engine.s, it will suffice to mention th.at the external 
combustion hot-air engines used in pi^opelling the ship Ericsson 
about 1852, comprised four single-acting working cylinders each 
fov/rteen feet in diameter; the stroke was six feet, and nine revolu¬ 
tions were made per minute. The I.H.P. of this immense engine 
was only 300, the mc.an eft'ective pressure having the extremely 
low value pf but 2T lbs. per square inch. , 

• Thus, in general, the external-combustion engine involves* high 
compression and low mean effective pre.ssuies, low revolution* 
.speed, and considerable heat losses. The bulk and weight are 
consequently enormous in relation to the useful power output. 
The type is now quite .abandoned, except in a few special directions 
where very small power is required, aa’e.g., for domestic and similar 
purposes. 

We proceed next to the internal-corabu.stion or “explosion” 
engine, wherein the working air is very suddenly and very intensely 
heated by causing chemical combustion to flash through its volume, 
which is achieved by mixing with it a small quantity of some 
■ hydrocarlKin vapour, so torming an explosive mixture, and igniting 
this by suitable me.ans at the proper moment. 

The history of the explosion engine begins with Huyghens’ 
propo.sal, about 1680,^ to utilise gunpowder as a motive agent, and 
ouiminate.s—after many difierent suggestions and teats—in the 
invention by Beau de Rochas in 1862 of the sequence of operations 
now almost universally employed, which is known indifferently as 
the De Rochas, Otto, or “ four-stroke ” cycle, and comprises suction, 
compression, expansion (or-“ working ”), and exhaust strokes, all 
perfwmed within the power cylinder. 

* If.j. Bankine’s Steam Engine (London: 0. Griffin &Co., Ltd.). 

For a brief account of*tlie history, b<e D. Clerk’s Gas, Petrol, and Oil EngiiUi , 
t, i. ‘(L6aguiaii8, Green & Co.). 


2 
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Though this cycle—as will shortly be seen—is necessaxUy of. 
much lower theoretical efficiency than the Carpot, it yet .posses^ 
the overwhelniing practical advantages of being easily cSiirrietf ottt 
in a small, light, and fast-running engine, and has thus brilliaiifly 
succeeded while the cycle of perfect efficiency has proved un* 
attainable through, so far, insuperable practical difficulties. Four-" 
teen years later, viz. in 1876, Dr Otto produced the world-famous 
four-stroke “Otto silent gas engine,” which finally established; 
the internal-combu.stion engine upon a commercial basis as an' 
economical and reliable prime mover. 

Fig. 5 shows diagrarnmatically the essentials of a simple form 
of modern single-acting, four-stroke, quick-speed, water-cooled 
internal-combustion engine of the type now so largely used in 
motor cars, motor boats, and aeroplanes. The light piston P, 
usually of cast-iron, but sometimes .of steel, slides easily within the 
cast-iron for, occasionally, steel) cylinder, and is kept gas-tight by 
three cast-iron spring rings placed in the grooves as indicated; the 
piston is connected to the crankshaft K by the light stamped steel 
connectmg-rod R. The upper portion of the cylinder is water- 
cooled in Older to prevent overheating by the successive ex¬ 
plosions when running; cooling of the cylinder of course reduces' 
the thermal efficiency, but Ls a practical necessity with the avail¬ 
able materials of construction. 

The crank-chamber is completely enclosed, but is often fitted 
with a covered inspection hole D giving acce.ss to its interior; the 
bottom, or “sump,” contains a quantity of oil, into which the “big 
end of the connecting-rod dips, thus splashing it about and so 
ensuring the lubrication of the working parts; a screwed plug in- 
the bottom of the sump enables the used and impoverished oil ■ 
to be periodically drained off, after which the crank-chamber'is- 
washed out with paraffin, and a charge of fresh oil introduced. .. - 

There are two valves, termed respectively the inlet and exhaust, 
placed sometimes on opposite sides of the cylinder (known as "tbb 
T-arrangement)—in which case tw-o camshafts are neceifflary.-^l^ji* 
more often in a pocket on the same side (known as the L-arrang^ 
ment), when one camshaft suffices for both. In fig. 5 the Iran^ge*' 
ment is illustrated, and the inlet valve is shown, the exhaust beSbg' 
a similar valve immediately behind it, and thus not appeadag^' 
the section. The inlet valve V iji of the “ poppet ” or “ 
type, ajid is of mild or nickel steel; it is normally tept,^ 5 ^ 
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,8^t by a stiff, helical spring H, and is lifted by a cam C fixed bn 
yje ejjmshaft, which operates through a roller-ended tappet-rod T. 



Fio. 5.—Diagram of a typical four-stroke petrol engine. 


inlet and exhaust valves only require to be opened^ontr 
kvery two revohitions of the crankshaft, the camshaft *t 
therefrom, by silent chain or cut steel gear wheels, at 
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orte-half the crankshaft speed, whence it is also often termed the 
" Imlf-speed ” shaft. ' ^ , 

In the inlet valve cap is screwed the sparking plug,S,hy which, 
the mixture of air and petrol vapour is exploded at the proper 
instant. L is a cock, or tap, communicating with the “ combustion 
chamber” or upper portion of the cylinder, and may be used to 
relieve the compression in starting, to "prime” the chamber^with' 
a few drops of petrol, to inject paraffin if required to ease the 
piston after long standing, and permits also of the insertion of a 
wire or thin rod to determine when the piston is at the top of its 
stroke, when adju.sting the tiihing or ignition.* 

The action of the engine is as follows :—The inlet valve y being 
raised by the cam, the piston on its first down-stroke draws into 
the cylinder a charge of carburetted air by way of the inlet pipe 
I; at, or very shortly after, the end of this down-.stroke the inlet 
valve closes,* and the piston on the return up-stroke compresses the 
explosive charge into the combustion chamber X; on the compler 
tion of the compression up-stroke the igniting apparatus causes a 
, spark to leap across the gap between the sparking-plug electrodes 
within the cylinder, whereby the compressed mixture is in.'^lantly 
exploded, its temperature, and consequently also its pressure, 
suddenly undergoing a great rise. 

The piston is next forcibly driven downwards by tbe inflamed 
mixture, thus performing the “ working ” or “ expansion ” stroke. 
When this stroke is nearly completed the exhaust valve is raised 
-by its cam and the expanded gases at once escape into the atmo¬ 
sphere, the discharge being completed as far as possible during the 
subsequent up-stroke of the pistqn. The inlet valve is then again 
raised for the next down-stroke, and the cycle repeated as before. 
There are thus in each cycle four piston strokes, only one of which 
is a working stroke. 

The changes of pressure and volume undergone by the working; 
mixture during one complete four-stroke cycle are exhibited By 
the “indicator diagram” shown on the left on fig. 5, AV an^ AP^ 
being axes of volume and pressure respectively; AO representsih? 
volume of the combustion chamber; during the suction down-stroM 
the line 01—at atmospheric pressure—is tra'ced; next follovfB the 
compression up-stroke,,'*hen the changes of volume and pressmce i 
oj the mixture are shown by the “ compressiontcurve ” 1-2. 

At 2 the charge is exploded, and the pressure ihstan% rlNS* 
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from 2 to 3. Observe that at the top of its stroke the piston 
5b motientarily at rest, and therefore, as the rise of pressure is 
extremely sudden, the mixture is practically ignited, or heated, at 
• constant volume. . . 

Next follows the working down-stroke, when the inflamed 
mixture expands as indicated by the curve 3-4, and finally, when at 
or n6ar 4, the exhaust valve opens and the pressure at once falls 
to that of the atmosphere; the exhaust valve continues open during 
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, the second up-stroke, the corresponding line on the diagram being 
l-O; the cycle is then repeated. 

' It is evident that the closed area 1234, measured in appropriate 
, .units, gives the useful work done by the engine in every two 
revolutions of the crankshaft. 

■ The expression for the ideal thermal efficiency of the four-stroke 
^oje is obtained by aid of the simplifying assumptions that the 
^ves 1-2 and 3-4 (fig. 6) are adiabatic, and that the specific heats 
'6£ the working gases remain in the constant ratio y^l^. Then 
, aU the heat received by the working gases ^s received at constant 
:,'VoItitme at the instant of explosion, and is expressed by: 

Heat received=At(T, - Tj) B.Th.U. per lb. of gases. 
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wtiile all the rejected heat is rejecte4 at constant volume , atidls 
expressed by: 

Heat rejected=/i:j(Tj—Tj) B.Tli.U. per lb. of gases. 

The useful work done per lb. of gases is the difference between 
these two heat quantities, and is hence given by: 

Useful work = / 4 (TB-T 2 )-^:,(T 4 -Ti) B.Th.U. per lb. 

The thermal efficiency is the ratio boi’ne by the useful work 
done to the heat expended in obtaining it, and is accordingly, for 
this cycle: 

Thermal efficiency=^ 2 ) - - Tj) 

Thermal efficiency = 1 — ^ < "“Ai. (23) 

This rchult admits of a remarkable simplification ; for as, by 
•supposition, 1-2 and 3-4 arc iidiabatic, we have by Eq. (16) : 


% w W "'IV 


since and 1)4 = Vj. ' ‘ 

T T 

Hence n,- = r-j,-. 8 'nd thus 

■^1 ^ 9 . -**1“ 


T T 

; so that (23) becomes: 


Thermal efficiency ^ 


T, 


(24) 


and thus depends only upon the (absolute) temperatures at the 
beginning and end of the compi’esaion, and is independent of the' 
explosion temperature. This result is of fundamental importance 
in the theory of the four-stroke cycle engine. 

As have, denoting the compression ratio ^ by , 


the equivalent expression: 


iN’" 


Therraal efficiency=1 ~ 


m 


In this form the temperatures T^ and Tj are unnecessary, and-lhe 
ideal'thermal efficieni^ can be estimated immediately from tlw 
compression ratio. The thermal efficiency, o<Ae^ things heing egp^ 
thus increases with the compression ratio. 
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It*is tjstial lo assifme y to be 1'4, as for air, so that ■finally wS 
have aj'the formula for calculating the ideal themal efficiency of 
• a fwir-stroke cycle engine: . 

Tliermal. efficiency = 1. . . . (26) 

The value of the compression ratio varies in practice from about 
to SJ; below arc given a few values of the thermal efficiency, 
from Eq. (26), corresponding to several values of r: 

r=3'5 3-75 40 4-25 4-5 475 50 525 

Thermal efficiency = 0;394 0'4] I 0'426 0'439 0 452 0'4(i4 0'475 0'485 


It is, however, here necessary to' enter a caveat. Though, from 
Eq. (26), increased thermal efficiency should accompany increased 
compression, it is often found with actual engines that increa.sing 
the compression results in little or no incre,'ise, and indeed the 
thermal Efficiency may even show a diminution wittf increased 
compression. This is duo to a source of loss of wliieh the above 
theory takes no cognisance, namely, the large loss of heat to tlie 
"walls of the combustion chamber and piston crown at and near 
the maximum explosion temperature. Tliis Io.ss is greater as the 
■surface exposed is greater relatively, to the volume of hot gases 
enclosed; -when compi-cssion is increased by diminishing this volume, 
the ratio of surface to volume, and hence the heat loss, increases. 
This increase in any case must reduce any gain in thermal efficiency 
arising from the increased compression, and may even, as above 
.remarked, more than nullify it. To realise the thermodynamic 
advantage of increased compression, this should be effected by 
, increasing the stroke, leaving the combustion chamber unchanged 
in form and size. 

i ’. T)uc to this cooling loss, there is for each type of actual engine 
a compression ratio of maximum practical thermal efficiency, which 
is determined by experience; for petrol engines of normal four- 
.iStroke type the value is probably of the order of about 4'5. 

limits of temperature in the four-stroke cycle are Tj and 
and accordingly the thermal efficiency of a Carnot engine 

. 'p 

■forking between these limits would be 1—(E*!- 22), which is 

.-is 


T ■ • 

cb^deaably greater than 1 —nr. the maximum possible to‘the 


,fos^'=Stroke‘ cycle. The four-stroke is theoretically an imperfect 
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'cyicle, inasmuch as the heat received is received not at conittaht but 
at rising temperature, while the heat rejected is rejected'at falbng 
icmperature; it is nevertheless the best practical cycle of dperatk^ 
ihat has so far been discovered. 



M Ci^s/c 

Fig, 7.—Explosion digrams comjiared. 


^ Consider next, in rather .more detail, the case of an engtte 
using 1 lb. of air-petrol mixture per cycle; let the air be initially 
at 70 F. and atmospheric pressure, and suppo.se the mixture* td.- 
consist of i^ths of a lb. of air and T-Vth of a lb. of pkaib 
vapour. •' 

By Eq. (1); ^.gtns ot a lb. of air at 70' F. and atmosj^erfc 
pressure occupies 12-5 cubic feet, while fifth of a lb. of 
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rfcpour occupies then,, roundly^ 0-25 cubic feet; hence the volume of 
fresl^charge taken into the cylinder during the auction stroke will, 
in the Ideal case, be 12'5+0'25 = 12'75 cubic feet. ’Assume the com,- 
pression ratio, r, to be 5 ^ then (fig. 6) Vj = 5v.j and (t)i—Uj) = 12-75, 
12*75 

so that v^— =319 cubic feet is the volume of the combustion 

chaiftber, assumed to bo filled with exhau.st gases from the pre¬ 
vious cycle, at 70? F. and atmospheric prea.sure; the weight of 
this is taScen to be, roundly, 0'25 lb., so that on the whole we have 
to deal with a total ..initial volume, Mj , of 12-75-t-319 = 15’94 cubic 
feet of ^ases initially at 70° F. and atmospheric pressure, and having 
a mass of 1-25 lbs. 

Experiments by Mr B. Blount in 1908, using a bomb calori¬ 
meter, showed the average calorific value per lb. of petrol to be 
slightly greater than 20,000 B.Th.lJ. We assume hero the round 
figure ot 20,000 B.Tli.U. per lb.; thus the ^th of a lb. of petrol on 

explosion will evolve = 1250 B.Th.U. of heat. 

The case under con.sideration is exhibited in fig. 7; as before, 
0—1 represents the suction stroke, 1-2 the compression, assumed 
adiabatic, 2-3 the rise of pressui'e *on explo,sion, and 3-4 the 
adiabatic expansion. 

We have T] = 70-1-460 = 530° F. (abs.); hence, using Eq. (16), 
we get T 2 = 1009° F. Also, as yq = 14'7 lbs. per square inch, wo 
obtain, from Eq. (17), p,, = 140 lbs. per square inch. 

Now make the assumptions: (1) that all the 1250 B.Th.U. are 
suddenly evolved by the mixture on explosion, and (2) that /c„ re¬ 
mains constant at the value 01689 B.'l’h. U. per lb. throughout. Then 

the rise of temperature on explosion will be X =5921° F. 

01689 5 

and accordingly the temperature at 3 will be:— 

X 3 = 1009-1-5921 =6930° F. (ate.). 

The pressure at 3 will be to that at 2 as Tj: T^; hence: 

140 = 962 lbs. per square inch (ate.). 

jiuuy 

as ^ , we have = 3640° F. (abs.). 
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The iisefnl work done per lb. of working gases, expressed h 
heat units, is: ' . 

- Tj) - /c„(T, - Ti) = ^75 B.Th.U.; 
as we have here IJ lbs. of working gases, the 

Useful work = Area 1234 = 475 x 1'25 = 594 B.Th.U. 

This is also, of course, immediately obtained by multiplying 
1250 B.Th.U. of heat received by the working ga.se.s, by the valu< 
of the thermal efficiency coiTo.sponding to r~5 in £(). (26), viz 
0'475; thus: 

Useful work = 0 475 x 1250 = 594 'B.Th.U- 
•per complete cycle. 

The mean effective pressure,p, is obtained from the relation: 

144p(,;^_.,;^) = JxU, . ... (27 

whence p = £52 Ihs. per square inch. 

Thus, with the simplifying assumptions made in this estimate 
"tlie maximum temperature attained appears as 6930° F. (abs.), Oi 
0470° F, by ordinary scale, the corresponding maximum pressuri 
being 962 lbs. per square inch, and the me.an effective pressure.- 
262 lbs. per square inch; in ^tual engines these very high tempera¬ 
tures and pressures are never approached. 

One of the first observations made in systematic experiments 
on the explosion of g.asoouB mixtures was that the maximum 
temperature and prc.ssure realised are, roughly, only about onO- 
half as great as arc indicated by calculations made in the above 
manner. This important discrepancy is mainly duo to the following 
causes:— 

1. Dissociation at High Temperatures.—Chemical combina¬ 
tion is usually accompanied by the evolution of heat, but the 
compound itself may generally be decompo.sed by raising it 'to a- 
higher temperature; when the first portions of a gaseous mixture 
combine, the heat evolved raises the whole mass to so high a teih-' 
perature that further combination is checked until the tempeijiturelf 
is reduced by loss of heat to the walls of the containing veswJr 
assisted also by that lost by conversion into work in the case 
am engine. Thus it is clear that complete‘combustion doesli:^ 
occur, instantaneously, but that the mixture continues to bum -a^: 
evolve heat as the temperature falls until all the active , gas^^ 
are. combined. . ^ 
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. "is.' convenient to mention here the nomenclature adopte3 
by jpr^Dngald. Clerk in connection with the phenomena of the 
,.,ejcplcsiofl of gaseous mixtures;— 

^ ■; Tfie time ofexjitosion is the interval of time elapsing between 
, the beginning of increase 'of pressure and the attainment of 
maximum pressure. 

Explosion is considered to be complete when the maximum 
pressure is attained. 

G<m,pl^e injlammation is the spreading of the flame through- 
■ out the mass of the exploding gases; explosion experiments show 
that inflammation is Obmplete when maximum pressure is attained. 

Complete comhudion is the complete combitiation, i.e. burning, 
of the exploding gases into carbon dioxide and steam. It is evident 
—from what has just been said of dissociation-- that combustion 
'is by no means complete at the same instant as the inflammation 
and explosion, but continues thereafter for a shorter or longe^ time, 
. according as the gaseous mixture contains a small or large excess 
of air. In the case of the small quick-speod petrol engine, combus¬ 
tion probably continues throughout the working stroke, with the 
result that the actual expansion curve lies between the adiabatic 
, and the isothermal drawn from the tojppf the diagram. 

Temperature attained during Explosion.—(Abs.) tempera¬ 
ture is considered to be always proportional to the value of the 
product pv ; the initial condition being usually known, i.e. pf^.v^,, 
and T(|, the temperature, T, at (pi>) is inferred from the relation: 


T_ pv 


■ (28) 


Jn the ease of explosion experiments in closed vessels the volume 
;is invariable, and the (abs.) temperatures are then taken as propor¬ 
tion to the pressures; in an engine cylinder, however, both p and v 
change simultaneously, and it is commonly found that the product 
tittains its maximum value shoiily after the commencement of 
the working stroke; this is the point of maximum temperature, 
is determined by aid of Eep (28).. 

■'1 Dissociation has already been referred to as an important 
>if8ictor in restraining temperatures and pressures in gaseous ex- 
'^^punons; other causes are;— , • 

i “ A substantial increase in the value of /c„—^the specific heat 
' volume — when the temperature is greatly raised; 
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increase in reduces the maximum temperature and hence ttio 
maximum pressure attained. 

3. Loss of heat from the exploding gases to tlie metal walls of 
the enclosing vessel. In petrol engine^, for example, about oher 
fourth of the whole heat evolved in the cylinder appears in thh- 
jacket cooling water. 

4. In actual engines the fresh charge becomes somewhat‘lieat^ 
on entering the hot cylinder; this results in jts expansion, so that 
the mass of the charge taken in during the suction stroke iS 
slightly reduced. 

5. The working fluid is not dry air, as is assumed in establish- 
, ing the theoretical equation (24), but is a mixture of more or less 

moist air, petrol vapour, and residual gases from the previous, 
exhaust j the Ic^, of this mixture diflers in value from that for air, 
and increases considerably as the temperature rises. 

6. Xlombustion changes the volume of the combining gases so 
that the volume which expands diflers from that which is com¬ 
pressed. In the case of petrol engines using normal mixtures, the 
volume is increased by 5 per cent, to 6 per cent. 

7. Some loss of heat to the cylinder walls takes place during 
the compression period. This reduces (fig. 7) and consequently 
Tjandp,. 

8. The resistance offered by the carburettor, inlet piping, valves, 
and passages to the entering mixture prevents the engine from 
receiving a full charge of fresh gases at atmospheric pressure ia 
each suction stroke. 

If d and s denote respectively the cylinder bore and the stroke, 
both in inchc.s, then in the perfect case the engine would during. 


each suction stroke take in ^d^s cubic inches of fresh mixture af 

atmospheric pressure and temperature. Actually it gets consid^i 
ably less than this; the ratio of the mass of charge actually ■ 
that which would be ideally ,received. is called the' Volumef^ci; 
EflSciency of the engine. The volumetric efficiency in actuad ea^^^ 
varies greatly, the range being from about 0'6 for earlier 
up to about 0'9 in recent good designs. 

In fig. 7 the blackened diagram is drawn by aid of an indjoAd!^' 
diagram taken from a petrol engine running at 1300 rev(^Utii^^ 
•j^r minute; the maximum pressure attainefi was about 
, per square inch (abs.), with a terminal pressure of 52 lbs. j 
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ifidi (^bs.). Due to loss of heat during compression, the actuaJ 
' compre^ion curve .1-2" falls below the adiabatic 1-2; while, owing 
:to some combustion continuiiig during the working stroke, the actual 
expansion curve 3-4" lies above the adiabatic 3-4', The isothermal 
Oupve through 3 has been drawn to exhibit the position of the 
actual expansion curve in this case, relatively to it and to the 
adiab^ic through 3. 

It has been found by trial that both the compression and ex¬ 
pansion cuiwes of tliis diagram practically follow the p^;”=coiist. 
law, with a value of 1-23 for n. 

If p denote the moan effeotivc pressure in lbs. per square inch, 
and r be the compro.ssion ratio, then fi om Eqs. (5) and (G) it may 
easily be found that: 

7 * - 1 — 2 

P = ^:zri ~ i ; _ 1 (P-t ~ Pi ) Ihs. per square inch. , (29) 


Here r=5, n = 1-23, p^--=52, and = 14-7 ; hence p = 90*8 lbs. per 
square inch. • • 

The mean effective pressure, p, has boon notably increased in 
petrol engines during the pa,st five years by the adoption of larger 
and better carburettors, piping, and,Vi|lvos; and by generally so 
proportioning the engine that tlie g.aKe,s enter and leave the cylin¬ 
ders with the least possible resistance. The early designs showed 
a value of ^ of 70 to 80 lbs. per square inch only, whereas 
in, present-day engines the average has been raised to fully 100 
lbs. per square inch, partly as the result of improved carburation, 
but mainly by increased volumetric efficiency. 

The average indicator diagram may be taken as shown in fig. 8, 
at normal full load; the explosion peak is rounded off partly by 
heat loss to the walls of the combustion chamber, partly by 
expansion of the working gases due to piston movement, so that 
the maximum pressure realised is about 350 lb.s. per square inch, 
the'" peak ” being just over 400.' The terminal exhaust pressure 
is aboui 55 lbs. per* square inch (abs.), but as the exhaust valve 
Uroally commences to open at about 0 9 of the working down- 
stroke in order to give greater freedom of exhaust, the “ toe ” of 
actual diagram falls‘away generally as shown in the figure. 
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A compression ratio of 4'5 is taken, the corresponain^,®^- 
pression pressure being about 109 lbs. per square in«h^ (ahs.')i 

4f . '* ■ h 

The value of the exponent n is often 'assumed as g in design, anq 

with this value and the assumed data a rn.e.p. of practically 100 
lbs. per square inch results from Eq. (29). The following actual 



determinations of n suggest, however, that better average vj 
are 1 '23 for the expansion curve, and 1‘28 for the compression; 


Kiigiiics. 

2-cylinder, 400 H.P. Crossloy— 
No. 1 cylinder . ' . 

No. 2 „ . . . 

Atkinson engine 
Daimler, using petrol * 

^ „ benzol' . 

> Dr Watson, F R.S., in Pnc. 


n, Expansion* 

n, Compressie’ 

. ]'266 

1-321 

. 1204 

1-310 

, T-264 ' 

1-2QS 

. 1180 

1-290; 

. 1>250 

li28i 

. Aut. Ung., 1914- 

-16. 
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•Tto Biaxnnuin value of the mean effective pressure.! jp, attained*in 
racing .petrpl engines fitted with very large carburettors and piping, 

' double Valves, and high compression appears to be,-roundly, 14011» 
per square inch. 

The working gas is in a state of violent turbulence and by no 
means at one uniform temperature throughout its volume at any 
instaot; the “maximum mean temperature” of explosion ranges 
from about 2000° F. to 3000° F. (ordinary scale). Dr Dugald Clerk 
has rendered visible the conditions within the cylinder of an 
explosion engine by iitting a small ^glass-covered inspection hole 
in the combustion chamber, lie says: “ On looking through 
this window while the engine is at work a continuous glare of 
white light is observed. A look into the interior of the furnace of 
a boiler gives a good notion of the flame filling the cylinder of an 
explosion engine.” 

With the simplifying assumptions whereby the exf^ression for 
the efficiency, viz. Eq. (24), is obtained, this depends only upon the 
ratio of the (abs.) temperatures at the beginning and at the end of 
the compre.s.sion sti’oke. If, then, the mixture be received by the. 
engine in a heated condition, the ellieioncy is unchanged, the tem¬ 
perature at the end of the com 2 )reasign,stroko being proportionately 
increased^ And the heat evolved duiing explosion being propor¬ 
tional to the mass of fresh charge received, the re.sulting tempera¬ 
ture Tj is gre.atcr than when the (aigine receives a cool charge. 

Now, the simple theory takes no cognisance of heat lo.ss to the 
’.piston and cylinder walls during cxjflosion, though this is of all 
the most important source of loss of heat, and this loss increases 
with the explosion temperature, Tj,, as the cylinder barrel (in water- 
Coolcxl engines) is kept constantly at about 200° F. Hence practi¬ 
cally efficiency is diminished if the charge is he.ated during 
admission, owing to increased heat loss to piston and cylinder 
walls due to the increased exj)losion temperature. Tlie power 
batput of the engine is also dimini.shed by heating during admission 
as th* charge expands, since the mass of mixture taken in is then 
tied.uced, and consequently a smaller-quantity of heat is evolved 
dd^g combustion; air-cooled petrol engines not infrequently 
*5^ome temporarily useless through loss of power occasioned by 
.bverheatintr in this wav. 



CHAPTER II. 

THE POWER AND EFFICIENCY OF INTERNAL- 
COMBUSTION ENGINES. 


The exact formula for the hor.se-power of a sinjfle-.aeting fou 
stroke internal-combustion engine having N cylinders each of 
inches bore and s inches stroke, and running at n revolutions pi 
minute, is established as follows 

Deupting, as before, the mean effective pressm-e in • lbs. p 
square inch by p, the mean useful “ indicated ” force on each piste 

per cycle is ^(P x p lbs. This acts through s inches, and hence tl 

useful indicated work per cylinder per cycle is ^Pxpx foot-ll 

• « 

As there are n revolutions per minute, there are complete cycl 


per minute, and hence the useful indicated work done per cylind 

per minute is^ii^xpxj^x^ foot-lbs. 

This being true of each of the N cylinders, they jointly perfor 

indicated useful work per minute expressed by '^Pxpx ^ X ^ X 

foot-lbs. As 1 horse-power is a rate of working of 33,000 foe 
lbs. per minute, it is therefore evident that the indicated hors 
power (I.H.P.) of such an engine is expressed by: 

In the case of a double-actiTig four-stroke engine, and also ^ 
that of a single-acting two-stroke engine {vide pp. 177-186), the 
^ is dnp working stroke in each revolution, and'accordingly the I.H. 

'fpf these is obtained by writing n instead of ^in Eq. (30). 

H indicator diagrams could be as easily taken of quick^cq;^ 

82 
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petrol engines as citn lie obbiined from large steam or gas engines 
runnii^g»*at from .100-400 revolutions per minute, the I.H.P. of 
petrol ehgines could always be directly determined. But the 
results obtained with indicators of ordinary type u.sed on a small 
engine running at 1000-2000 r.p.m. are entirely misleading arid 
valueless,owing to the ellects of inertia, cooling, etc. Special optical 
diapliiagm indicntoi-s are occasionally employed, however, and with 
these reasonably accurate diagrams nan be attained at speeds up 
to about ],(!00 r.p.m ; ‘ but the optical indicator is a delicate in- 
.struinent, rpipiiring care and skill in fitting and iuljustment, and 
is much more .suited to the scientific laboi-atory than the engineering 
workshop test-room. 

It may here be remarked that, when diagrams are taken it is 
alw.ays neces.sai'y to obtain .a record of several successive cycles, 
as it is found that, in gencial, consecutive diagrams vary somewhat 
in size and sbajie, so that an average must bo taken in dbtenuining 
the value of the mean efl'ci'tive [ircssure. 

Hence in practice it happens that the I.II.F. of a petrol engine 
is rarely obtainable, and accordingly in nearly all power tests it 
is the brake bor.se-power, or “ power at the HywbecI,” or “ shaft 
horse-power,” as it is variously termeci, that is determined. 

The H.p.r. may always be found easily by means of a brake 
dynamometer, of which m,any types are in everyday u.sc. The B.H.P. 
is, of course, always le.ss than the I.H.P. by the number of H.P. 
necessary to overcome the internal resistances of the engine itself; 
the ratio of the B.H.P. to the I.H.P. is termed the mechanical 
efficiency of the engine, and is hero denoted by the symbol tj ; thus, 
B.H.P. = i;X I.H.P., and hence, by Eq. (SO), we have for the type of 
engine there con.sidcred: 


Now it will be observed that, having determined the B.H.P. 
by tesi^ everything "s known in this qi|uation but the. value of the 
product tjp. This can then be at once deduced; for by transposition 
we get: 


- B.H.P. 

~ IIS N 


lbs. per square inch. 


(32) 


* For a good description of one of these, see Dr Watson, Proc. Inst. Auto. Eng.,' 
vol. iu. .pp. 391-4. 


3 
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i^'(eta-^) is usually termed the “brake mean effective pressure”;, 
the mean effective pressure, p, is alone only determinable yhen a' 
value can be assigned to i;. Special experiments have beefi made at 
times to determine the value of the mechanical efficiency of petrol. 
engines,^ and the results obtained show, generally, that tj diminishes 
with increase in speed and with reduction in engine load, is also 
affected by the jacket water temperature, and by the niiture and 
extent of the lubrication. For normal engines, at about 1000 to 
1200 r.p.m. and at full load, an average value of i;=0'83 can be 
assumed without risk of much error. 

Piston Speed.—Tf the piston, in.stead of reciprocating, moved: 
constantly onwards, the distance that would be covered per minu|;e 
in feet is termed the piston speed, and is usually denoted by cr. 

As two strokes are made per revolution, 2i(, stroke.s are made 
per minute per piston, and hence 2/i.s inches per Tuinute is travelled; 
expressed in feet per minute we have therefore: 

2'??«S TIS > 

Piston speed = 0 - = “ 2 — (j feet j)er minute. . (33) 

The piston speed of car and aero engines of normal type ranges 
from about 1000 to 1500 feet per minute, though in racing engines 
as much as 3000 feet per'minute is sometimes attained for short 
periods. 

Torque, or Turning Moment.—It is sometimes desired to 
nscertain the value of the mean turning effort, or “ mean torque,” 
of a crank.shaft of an engine of which all the data, including the 
B.H.P., are given. 

A tor<iue is a couple, and the unit of torque is the turning effort 
exerted by a pair of equal and parallel forces each of 1 lb. weight 
acting 1 foot apart; this is termed one pound-foot. Hence, if 
P lbs. act normally at the end of an arm I feet long, the corre-- 
sponding torque, T, is given by: 

T = Pxf Ib.-feet.(34) 

The work done by a torque of T Ib.-feet when its arm turns- 
through an angle of 6 radians is, from fig. 9, evidently given by: 

P X AB foot-lbs. 

A TS - . 

But —r- =6', ie. AB = W. Hence the work done is also expressed 

O’ 

• See, e.g., vol. ii, of The Gas^ Petrol, and Oil Engine, pp. 560-3 (Clerk 
Burls) (Longmans, Green & Co.). 
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by PM foot-lbs.' But the product PZ is, by Eq. (34), the torque’, T, 
in lb.-fgtt; hence :• 

• Work done = T0 foot-lbs. . • . . (35), 

Now, n revolutions per minute = 2x11 radians per minute, so 
that the work done by a torque T lb.-feet making n revolutions 
per minute is T x foot-lbs., and hence the horse-power is: 

Torque honso-power =1^^. . . . (36) 

If we equate this to the c'ciu ession for the B.H.P. given in Eq. (31), 

• P 



it 

P 

Fio. 9.—Tongue or turning effort. 

we obtain, on reduci ion, as tlie expression for the mean torque, T: 

T= lb.-feet. . . (37) 

Power-Speed Graphs.—Brake horse-power te.sts of petrol 
engines are usually made over a range of speeds, and by plotting 
the B.H.P. as ordina,tes against the corresponding revolutions per 
minute*(or piston speed) as abscis.s!C,' a curve is obtained which 
shows how the B.H.P. varies with the .^peed. The type of curve 
obtained is shown in fig. 10, and it will be noted that at first the 
power rapidly increases with the .speed, but that the rate of increase 
diminishes until finally the maximum B.H.B. is reached, in this 
l»se at a speed of abbut 2200 revolutions per minute; at higher 
Bpe^ .(he power rapidly falls off. The reduction in the rate of 
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growth of the power with speed arises from the rapid increase in 
the resistance offered by the piping and valves-to the irfgijess and 
egress of gas, and to some extent also froni the reduced mechanical 
efficiency at high speeds. . , 

Aero engines wherein the propeller is directly attached to the 
crankshaft, or to the .system of rotating cylinders, usually run at 
not more than from 1000 to 1200 revolutions per minute, <due to 
propeller considerations; but racing petrol, engines fitted with 



Ffo. 10.—Power-speed graph from normal petrol ongiiie. 

very large inlet and exhaust piping, double valves, and large 
carburettors are in exi.stonco, running up to 3500 revolutions per 
minute, with the B.H.P. increasing with the speed right up to this 
very high value. 

From the power-speed curve (or “ graph ”) the mean torque at 
any speed, and also the maximum mean torque, can bo very simply, 

obtained. For Eq. (36) may be written B.H.P. = whence we 

get by transpositioif and reduction : 

T = 5260x^iS^‘ Ib.-feet. . . . {38y 

n •' 
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Now, in fig. 10 let P be any point on the curve; draw the 

* • B H P 

ordinaffe.PM, and join OP, 0 being a zero origin. Then 

PM 

jgQ=tan thus, by Eq. (fiS-), T varies directly as tan fi; PM and 

MO must, of course, be measured to their respective scales. On 
substituting in Eq. (38) the corresponding value of T is found. 
The maximum value of the mean torque, T, occurs when tan d is a 
maximum,J^hat is, when Q is a maximum; hence it is determined 
by drawing from the oi'igin 0 a tangent to the curve. Let Q be 
the point of contact; then the ina.ximum torque occurs when the 
speed is ON and the power is NQ, and its value, by Eq. (38), is: 

Tinax. = 5250 X Ib.-feei 

It is Osually found that maximum torque occurs at a .lower 
revolution speed than maximum horse-power. In the case of 
many modern high-powered small petrol engines the power-speed 
curve is for some distance virtually a straiglit line passing, if pro¬ 
duced, Uirough the origin; for this straight liue part 6 is constant, 
and hence also the torque has a const^mt value. 

One otljer point is worthy of notice. BVom Eq. (37) it is evident 
that for the same engine i;p varies directly as T; thus a curve 
showing tlie variation of torque with speed show.s also, with 
merely an alteration of scale, the variation of tj'p with speed. • Such 
a curve is e.xhibited in fig. 10. Thus the brake mean eft'cetive 
pressure and also the mean torque both attain their maximum 

value when the ratio of is at a maximum. 

n 

Power Rating FormulEe.—As test-bench determinations of 
brake horse-power by independent observers prior to a motor race 
were usually out of the question, a neces.sity was early felt for 
some formula, simple in expression and easy to use, which would 
enable ihe approximate normal full power of petrol engines varying 
in bore, stroke, and speed to be quickly obtained as an aid in forming 
handicaps, and also for general purposes of rating and comparison. 
Many such formulae have been proposed, and used to a limited 
extent, but that universally employed for general rating purposes 
in Great Britain—though long abandoned as a basis for handi¬ 
capping—is the very simple expression first adopted in 1906 by 
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the Royal Automobile Club, and later accepted by the Treasury as 
the basis for taxation purposes. ■ 

From examination of a number of tests of petrol engines in 
1906, the Royal Automobile Club concluded that current good 
practice at that date would be resumed by a rating formula in 
which the brake mean effective pressure (tfp) had the value GTJ lbs. 

( 7hS\ * 

= —- j of, roundly, 

1000 feet per minute. 

Substituting 67^ for tfp, and 6000 for ns in Eq. (31) gives us, 
on reduction, the simple and well-known rating foiinula: 

R.A.C. or Treasury rating = OAd^N, . . (39) 

where d is the cylinder bore in inches, and N is the number of 
cylinders. 

This is'the formula by which petrol engines are still nominally 
rated both for cataloguing and advertising purposes, although the 
modern petrol engine has a power output always greater, and 
frequently very much greater, than this formula implies. 

Further engine tests wore carried out at Brooklands in the 
summer of 1912, with the object of comparing the B.H.P. developed 
by recent as compared with old engines. It was foupd that the 
1911-12 engines showed an average of nearly 50 per cent, more 
than their R.A.C. rating, whereas the older engines, i.e. prior to say 
1909, in general developed less than their Treasury rating. 

In individual ca.ses tlie improvement in the 1911-12 engines 
was even more marked, three of the engines tested having a normal 
output of more than double their R.A.C. rating. The average of 
the Brooklands 1912 tests showed, however, a value of 67^ lbs. per 
square inch for t{p —exactly as implied in the old R.A.C. formula— 
but the prevailing piston speed had then risen to about 1440 feet 
per minute; hence for the 1911-12 engines a fair average rating 
formula would be, roundly, O'Gd'^N, or 50 per cent, more than that 
given by the R.A.C. rule. 

Much of the improvement in petrol engines during the past 
five years (1909-14) has been due to recognition of the necessity 
, of designing the engine not only as a prime mover, but also as ^ 
highly efficient pump.; the increased pump, i.e. volumetric, effieienqyj 
coupled with increased speed obtained by the use of exceed 
light reciprocating parts, enables remarkable results to be a^JWSjjg^ 



P'OWEE. AHD EmCIBKCY. 39 

Wof example, the four-cylinder 3'54" x 5‘12" Vauxhall 1914 tA 
racing; Aigine, with a Treasury rating of roundly 20, actually 
developed 90 B.H.P. at the very high piston speed of about 3070 
feet per minute (=?3600 revs, per minute), and thus gave 4J times 
as much power as the old formula implied. 

Aero engines in general run at a piston speed of from about 900 
to 1200 feet per minute, and exhibit values of ranging from 
70 to 100 lbs. per st^uare inch; for purposes of rough preliminary 
power estijnate the simple formula: 

Normal full power —O'Gd^N . , . (40) 

will generally give re.sults of the right order of magnitude. 

Brake Thermal Efficiency.—Suppose it to bo found by trial 
that a petrol engine consumes w lbs. of petrol per B.H.P. hour. 
Taking the calorific value, as before, at 20,000 B.Th.U. jier lb., the 
engine thus receives 20,000 xw.B.Th.U. per B.H.P. hoar. Now 1 

horse-power i.s 33,000 X CO foot-lbs., or dC’OOO ^ CO _ 2545 B.Th.U. of 

work per hour; hence 20 , 000 Xw.B.Th.U. are expended, and 2545 
B.Th.U. of work are obtained. The brake thermal efficiency is 
accordingly expressed by the ratio: , . 

Brake thermal efficiency = - . . (41) 

and in the modern petrol engine ranges in value from 0 20 to 0-27 
at normal full load, the latter figure corresponding to a consump¬ 
tion rate of only 0 47 lb. of petrol per B.H.P. hour. 

The Standard of Efficiency.—In 1903 a committee of the 
Institution of Civil Engineers was formed to consider and report 
upon suitable standards of efficiency for internal-combustion engines. 

This committee duly recommended: (1) That air, regarded as a 
perfect gas, should be considered as the working fluid of the ideal 
standard engine, with a value of 1"4 for y; (2) That the standard 
"engine should receive and reject its heat in as nearly as possible 
• the sa"tae way as the actual engine under te.st; and (3) That the 
standard engine should be considered as suffering no loss from 
conduction, radiation, etc. 

■ ■ , Hence, for a four-stroke engine, the air standard formula of 

theoretical maximum efficiency is that givcn*in Eq. (25), viz. 

• /I 

Air standard efficiency = j , • . (26) 
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where r is the ratio of conipression. As 1'4 is taken for y, we 
have then: 

Air standard efficiency = l — f—j . . . (26) 

V&lues of the air standard efficiency for values of r from 3| to 5J 
are given in the preceding chapter. 

Relative Brake Thermal Efficiency.—Tlie brake thermal 
efficiency as given in Eq. (41) is an absolute efliciency, and docs not 
exhibit the degree in which the actual engine approaches the 
performance of an ideally faultless engine of its own type. This 
proportion, however, is given by taking the ratio of the brake 
thermal efficiency given by Eq. (41) to the value of the air standard 
efficiency for the appropriate value of r, as found from Etp (26). 

For example, an engine using 0 5 lb. of petrol per B.H.P. hour 
has by Eq, (41) a brake thermal efficiency of 0'2546. 

Suppose the compression ratio to be 4J ; then r=4’6, and 
accordingly, from Eq. (26), the air standard effieiemey is 0-452'; that 
is, if the engine were ideally perfect, its thermal efficiency would 
be 0-452. The relative brake thermal efficiency is accordingly 
0-2645 

= 0-563. Hence the ^engine is doing really better than is 

implied by the 25-45 per cent, brake thermal efficiency, as it is 
actually turning into aseful work 56 3 per cent, of the maximum 
conceivable. 

There is yet one further consideration that may be mentioned. 
The actual working substance is not air of constant specific heat, 
but a mixture of gases having an apparent specific heat increasing 
considerably with temperature. The properties of the mixture 
of gases within the cylinder have been investigated by Dr Dugald 
Clerk, who has concluded, among other things, that the “air 
standard” furnishes values of efficiency which are quite un¬ 
attainable, the actual maxima values being, roundly, 0-8 of those 
given by Eq. (26). If this view be adopted, the performance of 
the actual engine is still further improved: in the example just 
taken, instead of 56-3 per cent., the engine really realises 70-4 per 
cent, of the conceivable maximum, in the form of u.seful work. - 

This is a very gratifying result, especially in engines of such 
small size. The great economy of these little quick-speed engines 
is a very striking and valuable feature, and'results largely from 
thejr high revolution speed; in good cases, of the whole,hea| 
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evolved by the .combustion of the fuel, 25 per cent, appears as 
useful.wbrk, about 30 per cent, appears in the jacket tvater, and 
about 45 per cent, is carried off in the exhaust gases. 

A consumption of O'S lb. of petrol per B.H.P. hour is notv 
becoming a common performance of aero engines at normal full 
load; this corresponds to, roundly, 10,000 B.Th.U. of heat supplied 
to the* engine per B.H.P. hour. Adopting the proportionate ex¬ 
penditure just mentioned, the cooling .system must be so designed 
as to deal,with 3000 B.Th.U. of heat per B.H.P. of the engine, 
per hour. • 

Allowing 40° F. as the rise of temperature of the cooling water in 

3000 

passing through the cylinder jackets, it follows that ^ lbs. 

or just one pint of water must be circulated through the jackets 
per B.H.P. minute. The heat lost by the water in the radiator 
is communicated to the air stream which passes throff^h it; the 
value ‘of kp for air being 0 2374 B.Th.U. per lb. ° F., it appears 

further that-Q "|y^ = 5'26 lbs. of air are necessary per B.H.P.- 

minute.' At atmospheric pres.sure and 50° F. this mass of air has 
a volume of nearly 70 cubic feet. . • 

So that about 70 cubic feet of air are necessary for cooling 
purposes per B.H.P. minute. Thus in direct air-cooling the bulk of 
air necessary is very great, and hence it is not surprising to find 
that aero engines, especially of the fixed-cylinder air-cooled type, 
not infrequently give trouble from overheating. 

Volumetric Efficiency.—This is the ratio of the volume of 
charge taken in per suction stroke—e.stimated at normal tem¬ 
perature and pressure—to the volume displaced by the piston 
per stroke. 

For the complete combustion of 1 lb. of average petrol to 
COj and HjO, roundly 15 lbs. of air are theoretically necessary. 
Actual tests of engjnes, however, seem to show that about 14 lbs. 
is sufficient, the combustion being apparently not quite so com¬ 
plete as theory assumes. 

The range of mixtures that may be used in petrol engines is 
from about 11 to 17 lbs. of air per lb. of petrol, but 11; 1 is a very 
rich mixture, and ordinarily the range is narrower, say from about 
12 to 15 lbs. per 16. Maximum thermal efficiency is attained 
with a, dilute mixture, of the order of 17: 1 , whereas maximum 
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pcnber occurs when the mixture is a little “ rich.” With 
mixtures there is an excess of oxygen present, and the'.ei^a^fi'' 
contains no carbon monoxide; with rich mixture* thfere is. A;,, 
deficiency of oxygen, some CO appears in the exhaust, and tbflSv 
some of the available heat of the fuel is wasted. 

For ordinary noi-mal full load working it may generally . 
be assumed that the mixture is about 13J lbs. of air per lb. 
of petrol, and that the 14| lbs. of mixture has a volume of • 
13Jxl3+4 = 8ay 180 cubic feet at ordinary tempe:^ature and 
atmo.spheric pressure. 

Suppose a tost to show that an engine using a W: 1 mixture, 
consumes w lbs. of petrol per B.H.P. hour. Let P be the B.H.P. • 
per cylinder. Then each cylinder receives wPW+wP, that is, 
wP(W + l) lbs. of mixture per hour, and this has a volume, 
at ordinary pressure and temperature, of, roundly, wP(13W+4) 
cubic feet.' 

If (T denote the piston speed in feet per minute, and A 'be the 


area of the piston in square feet, then ^ is approximately the 


Volume of the “suction cylinder” in cubic feet per minute,.so that' 
(T A • 

60 X ^ , that is, 15o-A, is its Volume in cubic feet per hour. 

Hence, if X denote the volumetric eflSciency, we have ; 


^ wP(13W+4) 
Ifio-A 


(app.). 


. ( 42 ) 


The practical difficulty in using this formula arises from the 
tact that W—the number of lbs. of air used per lb. of petrol—is 
rarely determined. It may be found by direct measurement of the 
ingoing air, but can be more readily found, approximately,‘by an 
exhaust-gas analysis used in conjunction with a diagram due to 
Dr W. Watson.' 

Volumetric efficiency diminishes as the revolution speed is-; 
increased, owing to increased resistance to the passage of the work-, 
ing gases through the engine. In modem engines with large valve*' 
and piping the volumetric efficiency is not only high, but is W^';. 
maintained at high revolution speeds. The earlier designs, howevei^'-' 
gave values which diminished rapidly with increase of speed, as 
i^own by the Table Hereunder:— 

e Proe. Intt. Avi. Eng., rol. iii. p. 4S0. 
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Vahiation of Volumbteio Epficirnoy with Spbkd— 


Petrol Engines op 1906-8. 

:!_ 1 ,_ 


Bore ill 
inches. 

S^oVe in 
iuclics. 

Revs, per 
minute. 

Vdlumctric 

etticiendy. 

3-66 

611 

720 

0C5 



1000 

0-53 

' 


1220 

0-4G 

4-62 . 

5-08 

•530 

0-83 



930 

0-G9 

3-36 

4'73 

500 

0-78 



1000 

0G9 



1300 

0-63 


Tke remarkable increase in power output in modern petrol 
engines, due mainly to the maintenance of high volumetric 
eflBcicncy at very high revolution speeds (3500-4000 per minute), 
is exhibited clearly by a statement of the power developed per pint 

(or litre if preferred) of total piston dis’placement, 

Early engines gave, roundly, 4 to 5 B.H.P. per pint of displace¬ 
ment; modern quick-speed small touring-car engines give 7 to 8 
B.H.P. per pint; while racing engin&s, in many cases fitted with 
double valves, give from 14 to 18 B.H.P. per pint, this latter 
figure being attained with large double valves placed in the 
cylinder heads. 





CHAPTER III. 


AERO ENGINES. 

Some general considerations; the necessity for lig^itness; 
the Atlantic flight; leading particulars of the aero 
engines of 1910. 

Pei’EOL engines are used for the propulsion of two distinct classes 
of air-craft,'viz.:—• 

1. Dirigibles, or lightor-than-air machines. 

2. Aeroplanes, or heavier-thaii-air machines. 

The engines of the huge and .somewhat unwieldy and hapless 
“dirigibles” have in general a high power output; for example, 
the Zeppelin L. II., so disastrcusly wrecked on 17th October 1913, 
was propelled by four engines each of 200 horse-power. In these 
engines the necessity for extremely low weight per horse-power is 
not so pressing as in the case of aeroplane engines, and they can, 
and often do, follow more nearly the normal car type of engine, 
lightly built but sufficiently robust to ensure a reasonably long 
working life without requiring a disproportionate amount of 
special care and attention. 

In the case of the aeroplane it is, however, of much importance 
that the engine weight per horse-power be kept at the lowest 
possible value, for the following five reasons:— 

1. To confer the ability to climb rapidly. 

2. To reduce gross weight and thus improve t}ie “gliding angle.” 

3. To increase safety when flying in a high wind. * 

4 To enlarge the radius of action of the machine. 

5. To give the aeroplane as wide a range of flying speeds as 
possible. 

1; An aeroplane must be capable of climbing rapidly, in ord^r 
that it may clear the earth within as restricted a distance as 
possible—as, for example, if located in a small field surrounded by 

" ■14 
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trees. Again, in warfare rapid climbing is essential to enable 
the ^athine to remove itself quickly beyond the range of the 
enemy’s gune, or to get above a hostile aeroplane. 

For the purpose of illustration one may take the following'as 
average data for an ordinary monoplane:— 


Weight of machine, light. 

1100 lbs. 

Weight of pilot and meclianic .... 

350 „ 

Petrol (7 gallons per hour) and oil (It gallons 
pef hour) for 4^ hours’ flying 

300 „ 

■ Initial gross weight = 

= 1750 lbs. 

Mean gross flying weight. 

1600 lbs. 

Brake horse-power of engine .... 

75 

Mean full flight speed, miles pci’ hour 

60 

Total supporting area in square feet 

300 

Meiln rate of wing loading, lbs. per square foot 


Gliding angle. 

1 in 6 


Hence: 

Weight of machine light = (roundly) 15 lbs. per B.H.P. 

Mean „ „ loaded = „ 21J „ „ 

» • 

When flying at normal speed the machine experiences a total 
resistance to its horizontal motion of, roundly, one-sixth of its 

weight, or ^^^ = 267 lbs. Hence the effective horse-power must 


be 


267x60x5280 


:42‘8; assuming a propeller efficiency of 70* 


60x83,000 

per cent., the engine output for normal horizontal flight must be 
42'8 


0-7 


= 61 B.H.P. 


Any engine power in excess of this is available for climbing 

purposes, and the greater the available excess for the same gross 

weight of machine—that is, the lighter the engine is for its power— 

the gjeater is the fate of climbing. 

We have here, on the data assumed, a margin of (75 —61)=14 

B.H.P. or 0’7 X 14 = 9'8 effective horse-power available; accordingly, 

neglecting vertical rfesistances, the mean climbing rate will be 

9-8 X 33,000 , • , 

- —’— =200 feet per minuta 

1600 t 


• A better averagely good value of the propeller efficiency would be 60 per cent 
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S. A good gliding angle implies a low loading per square foot 
of wing area. Lilionthal’s glider at Rhinow in 1893, with a'dqading , 
of only lbs. per square foot, had a gliding angle of 1 ih 8., In 
normal monoplanes from 4 to G lbs. per square foot is usual, the ‘ 
corresponding gliding angle being about 1 in 6; thus, from an 
altitude of 1000 feet the pilot has a choice of alighting anywhere 
within a radius of ratlicr more than one mile upon the earth below. 
Descent is usually made with the propeller revolving idly, so that 
the engine may be at once switched on if required. 

The lighter the engine the lower the wing loading per square 
foot, and hence the better the gliding angle. 

3. When flying in high and variable winds the engine power 
maintains the necessary velocity of propulsion relatively to the ai/r, 
whereas the usefulness of an aeroplane is dependent on the velocity 
of which it is capable relatively to the earth; hence a high air¬ 
speed is necessary, some huildci-s holding that the engirie power 
provided should suffice to give an air-speed equal to twice that of 
any wind likely to be encountered, so that, on this view, it would 
he necessary to design for a maximum air-speed of, roundly, 100 
miles per hour in this country. 

As the power, caiteris pavihus, varies as the cube of the air- - 
speed, a high power is .again clearly essential, and this must be 
associated with the least po.ssible weight. Groat power and low 
weight are also needed to en.able the aerojflane to accelerate rapidl}^ 
when flying up-wind, so as to retain a steady horizontal course 
when lulls occtir. 

A considerable reserve of power, combined with small mass, is 
especially necessary to enable the machine to be turned quickly 
from an up-wind to a down-wind direction when the wind is high 
in order that it may rapidly acquire the large addition to its kinetii 
energy implied by its necessarily increased speed relatively to th( 
earth when running down-wind. 

Thus, with the data as above, and in a 50,m.p.h. gale, if th( 
aeroplane be flying up-wind at an air-speed of 70 m.p.h. its»«ariA 
speed will be only 20 m.p.h., and its kinetic energy accordinglj 

i X 1600 X (29-3V = 21,377 foot-lbs. 

If the least air-speed necessary for horizontal flight be 40 m.p.h. 
on turning and running down-wind the earth-fepeed of the machim 
must be at least (50-1-40) = 90 m.p.h., and hence the kinetic e^e:^ 
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miiirt 1)6 increased to 432,900 foot-lbs., roundly. This increase 6f 
411,628,foot-lbs. of energy must be supplied by the engine, rduoh 
must thus be capable of developing a considerable excess of power 
to enable this manoeuvre to be rapidly performed. Assuming in ' 
this case that 10 effective horse-power is available, this would. 

oceteris paribus, enable the turn round to bo made in , 

. . 10x33,000 

•= about IJ minutes. 

4. A large radius of flight without defscending to the earth 
to replenish the fuel and oil tanks is obviously, in general, an 
important desideratum. Long-distance flights over seas—as, for 
example,* Garros’ cro.s.sing of the Mediterranean in September 1913 
(about 460 miles in 8 hours)—are only possible when the maximum 
of power output is combined with the minimum of weight. 

In 1907 F. W. Lancliester* estitnated the maximum pos.sible 
range of*flight at that time as only 360 miles; much ppogre.s3 has, 
however, been made since that date, and in 1913 M. Seguin made 
a non-stop flight from Paris to Bordeaux and back, the distance 
being, roundly, 650 miles and time occupied 13 h. 5 m.; thus the 
average earth-speed was, roundly, 50 miles per hour. 

The Atlantic Flight.—The extreijie difficulty of achieving a 
non-stop flight across the Atlantic Ocean in the present state of 
' the art of flying is apparent. A. E. Bciriinan in 1913^ discussed 
the possibility of success, assuming 100 B.ll.P. available, and that 
the aeroplane, light, weighs 15 lbs. per B.H.P.; the weight per 
B.H.P. is then made up as follows:— 

Lbs. per B.H.P. 

Aeroplane, light. . ..15 

Two pilots, 300 lbs.3 

18 

The petrol consumption is taken at 0 5 lb. per B.H.P. hour, and the 
oil may be assumed as O’l lb. per B.H.P. hour. The total distance 
to be traversed is, roundly, 2000 miles, and at 70 m.p.h. will occupy, 
roundly, 30 hours; hence 30(0'5-t-0’l) = 18 lbs. of fuel and oil must 
1 be carried per B.H.P. -Thus the total load per B.H.P. at starting 
’would be 18-1-18 = 36 lbs.; this would be gradually reduced, during 
..the journey, to 18 lbs.; the mean load per B.H.P. throughout would 

' AerodynaiMd, § 219. > jAviation, pp. 301-2. 
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thus be 27 lbs. The resistance being assumed at the usual value of 
one-sixth of the weight, tliis would corre.spond to a head rpsistance, 
at starting, of 6 lbs. per B.H.P., and an average throughout of 

lbs. per B.H.P. 

6 lbs. resistance at 70 jn.p.h. re(|uifes an effective horse-power of 

~ ^ assinneil date, success would 

be impossible, as the propeller etiiciency would have to bo greater 
than unity. 

At the meiin value of Jbs., the eff(?ctive horse-pow('r required 
would be 0’84, which is still an unatteinably high propeller 
etBciency. 

Berriman is of oj)inion that the most promising direction of 
improvement is that of nslucing the resistance of the fuselage, 
landing chassis, stays, etc., so tluat the resistance of the whole 
machine at 70 m.p.h. may bcicomo ap|)reci.ahly less than the present 
average value of 1:6 as assumcal above. • 

The ratio of resistance to lift for the wings alone is ordinarily 
about 1:10; the body or “fuselage,” landing chassis, stays, etc., 
add to the weight but contribute nothing to the lift, and thus for 
the whole machine the ratio^of resistance to lift is usually about 
1: 6. Mr F. W. Lanchester (James P’orrest Jjocturo, 1914), indeed, 
8tate.s that the ratio of resistance to lift of the wings alone may 
be as low as 1:12 or 1:14, and that values even less than these 
are now realised in existing machines. 

With reference to body resistance, he also states than in present- 
day aeroplanes this resistance is commonly equal to that of at 
least 5 square feet of normal plane, but he considers that by con¬ 
tinued experimentation it may bo reduced to that of only 1 square 
foot of normal plane, while the chassis, stays, and remaining 
resistances jointly need not necessarily exceed the equivalent of a 
further 2 square feet, making 3 square feet in all. 

In the above calculation, let the resistance-lift ratio for the 
wings be taken as 1:12, and the resistance of the body, chassis, 
stays, etc., be jointly equivalent to that of a normal plane of 
4 square feet in area, which is about 60 lbs. at 70 m.p.h. 

Then, at starting, there is per B.H.P., on the assumed data, a 

wing resistance of ^'=3 lbs., and a body resistance of lb,, 

or a total of 3‘6 lbs. 
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To overcome a resistance of 3'6 lbs. at 70 m.p.h. demands' an 
effecUiip 'horse-power of - 33 000 ' propeller 

efficiency would have to be 67’2 per cent., an attainable value. 

Hence it would appear -that the successful crossing of the 
Atlantic is just within the realm of possibility with resistances 
reduced to the extent indicated. 

One favourable circumstance remains to be pointed out. It 
fortunately happens that when very long distance flights are con¬ 
templated the engine weight per B.H.P. becomes of relatively less 
importance than in normal circumstances. The reason of this is 
that for.groat distances the noces.s,ary weight of petrol and oil 
carried exercises a dominating influence; it will be noted in the 
ca.se above faihen that the petrol and oil have jointly a weight 
equal to that of tlie aeroplane and its two pilots. Now, an addition 
of 3 lbs. .weight per B.H.P. would enable a stoutly bailt yatei 
cooled. engine, more economical in petrol and oil thhn above 
assumed, to bo used for the propulsion of the Tiiaclnno. Thus the 
initial load per B.H.P. would only be of the order of about 38 lbs., 
and thq total re.sistanco at starting about 3'77 lbs.; the corre¬ 
sponding propeller efficiency nece.ssarj{ would then be, roundly, 
70 per cent. 

5. Range of Speed.—For a given gross weight, wing area, 
and angle of incidence, there is a corresponding definite velocity, 
and consequently power, necessary for the maintenance of hori¬ 
zontal flight. If the power developed bo less than this value, the 
aeroplane will descend; if greater, it will pursue a rising course. 
Aeroplanes having only just about sufficient power to maintain 
horizontal flight have been frequently observed in racing contests 
.where pilots have reduced the wing area prior to the race. Re¬ 
duction of wing area necessitates a greater velocity to maintain 
horizontal flight, and in the limit one gets a single-speed machine 
with no reserve of power. Such machines are dangerous, firstly, 
because^ any weakening of the engine necessitates descent, and an 
engine stoppage may involve descent at so steep an angle as to 
result in disaster; secondly, because the maximum speed must be 
attained before the aerhplane will leave the ground, which makes 
starting difficult, and requires a great distance over which the 
machine must “roll”.; and thirdly, because the landing speed 
becomes too high for convenience, or even for safety. Hence, 

4 
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again, it is seen tiiat a reserve of power is necessary, i.e. as low 
a ratio of gross weight to maximum power as is possible. ■„ 

The 1913 Gordon-Bennott Cup was won by a Deperdussin 
monoplane fitted with a 160 H.P. Gnome engine, at the enormous 
average speed of ]24| miles per lio'uf; this was achieved by a 
material reduction in the wing area prior to the contest, and 
involved considerable risk to the pilot. Under the now rules of 
this competition each aeroplane must prove its ability to fly at a 
speed of only about 42 miles per hour before it will be allowed to 
participate in the contest. The specification of the Royal Air¬ 
craft Factory for the R.E.I. reconnaissance acroplane.s re(iuires 
these machines to po.s.sc.ss a range of flight speeds from 48 to 78 
miles per hour. 

Thus, for normal service, there is an overwhelming case for as 
light an engine as possible in aeroplane construction; this necessity 
involves c.igines of delicacy and fragility which require in general 
a very lafge amount of skilful attention, and frequent dismantling 
for adjustment and renewals of parts ; such engines are necessarily 
also expensive in first cost and in maintenance. 

Many of the early attempts at mechanical flying were made 
with engines of very smftll, power; in the early part of 1909, 
A. V. Roe, for example, fitted one of his triplanos with a 10 H.P. 
J.A.P. engine, and succeeded a little later in actually flying 
with only 14 H.P. Experience soon jTOved, however, that 
much more power was necessary, for the reasons already given. 
Again, Bleriot’s famous flight across the English Channel on 
25th July 1909 was accomplished in a small monoplane fitted 
with a three-cylinder air-cooled “fan” type Anzani engine of, 
roundly, 25 horse-power {vide infra). The gross flying weight 
was only about 650 lbs., wing area 150 square feet, angle of 
incidence about 8°, and average speed of crossing about 40 miles 
per hour. 

Assuming the total resistance as one-sixth of the gross weight . 
gives, roundly, 110 lbs. resistance overcome at 40 m.p.^., thus 
requiring 11| effective horse-power, or, taking | as the propeller' 
efficiency, a necessary brake horse-power of about 17^. It is thus 
clear that under exceedingly favourable circumstances, e.g. in still- 
air, a quite small power may suffice; but such favourable circum- 
stances rarely occur, and the ability to fly with safety when 
the atmosphere is in its usual turbulent condition necessitates 
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the provision of about four times as much power as M. Bldriot 
emplsycd. 

The demand for a lijjlit and powerful motor quickly produced 
a large number of very^ iyigeiiious and beautifully constructed 
engines; so early as 1910, J. S. Critchley ’ tabulated particulars of 
the principal aero engines then on the market. The accompanying 
Tahlt is based on Critchley’s collection; the llgures in the column 
headed “ Brake liorse-powcr ” are derived from the “ S.M.M.T. 
rating formula:® 

B.H.P. = -197((f-l)(2(f+K)N . . . (43) 

and not'from actual te.st. 

In addition to these there wore also in 1910 sever-al aero engines 
of unusual typo, as, e.r/., the very ingenious four-cylinder rotary 
Buriat engine, in which both the cylinders and the crankshaft 
revolved, the rate of crankshaft revolution being double that of 
the cylinders; and .again, the circular Beck rotary motor’, in which 
the pistons not only reciproc.ated but also partook of the rotary 
motion of the annular cylinder within which they worked.® 

The brake hoi'sc-powcr being estimated by formula and not 
ascertained by test, the figures given«for weight per B.H.P. must be 
accepted with re.serve. The formula gives a reasonably good ap¬ 
proximation to the normal output of the usual fixed-cylinder type 
of engine, but credits the air-cooled rotary type with too great a 
power, as in these engines the volumetric efficiency is, in general, 
low, and there is further a notable loss of power occasioned by the 
air resistance to the rapid rotation of the cylinders. 

Broadly, all the horizontal, diagonal, and vertical engines of 
which particulars arc given were water-cooled, while those of 
radial and rotary type were air-cooled; of the 76 engines men¬ 
tioned, 66 were ■water-cooled and 20 air-cooled. 

The average estimated B.H.P. was considerably less than in¬ 
creased expericncc.has now shown to be necessary. The following 
brief .summary exhibits the average B.H.P., weight per B.H.P., and 
other particulars of the five classes to which the engines are 
referred;— 

' Proc. Inst. A. E., vol. iv. 

® This rating {urniula^t. uo longer used. * 

® For afurther account of these engines, vide Proc. Inst. A. E., vol. iv. pp. 52-56 
and 8?-84; and for the Buriat, the last chapter of this book. 
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.Summary op 1910 Aero Engines. 


, 

Kuuiber of 

Prevailing 

Average 

Average 
weight in 

Typp. of piigiiiG. 

piigiticR ill 

cooling 

esliniatcd 

lbs. per 

class. 

syhtem. 

li.H.K 

estimated 

Horizdiital. 

10 

Waiter 

55-0 

6 0 

Itiuiial 

12 

Air 

29-2 

4'7 

Diagonal . 

25. 

Water 

57-4 

5-3 

Vertical 

24 


50-1 

7-0 . 

Hotary 

5 

Air 

(il-2 

2-8 




CHAPTER IV. 

HORIZONTAL AERO ENGINES. 

Horizcftital Aero Engines.—Tlie opposed two-cyliudered four- 
stroke single-acting horizontal engine with two cranks at 180 
(fig. 11, at A) has frequently been proposed both in car and aero¬ 
plane service, but notwithstanding its excellent balance, combined 
with the advantage of a working impulse every revolution, it has 
not become established save in one or two special cases, as, for 
example, that of the well-known Dougla.s motor cycle. 

The opposed horizontal cylinder arrangement produces a long 
and somewhat bulky engine, rather difficult to fit between the front 
members of a car chassis, and this^p.robably accounts largely for 
its neglect in automobile practice. In aeroplane service the com¬ 
paratively large power ncce.ssary would involve two rather large 
cylinders, and would render difficult—without the objectionable 
addition of a flywheel—the maintenance of the extreme steadi¬ 
ness of motion demanded by the air propeller, which practically 
necessitates the employment of a larger number of cylinders in¬ 
dividually of small bore. 

The horizontal arrangement has also been adopted with four 
cylinders, the disposition being as indicated in fig. 11 at B; it will 
be noted from the table of aero engines in the preceding chapter 
that both Messrs Darracq and Dutheil-Chambers in 1910 marketed 
aero engines of the horizontal opposed two- and four-cylindered 
type.. In the four-cylindered engine there is again an excellent 
balance, and two impulses every revolution are obtained; ob¬ 
viously, however, the engine is much longer than the ordinary 
four-cylinder vertical type. 

Occasionally the four-cylinder horizon^l opposed engine ha^ 
been “ twinned ” bjT the addition of a second set of four cylinders 
in-a plane at right angles to the first, and opei'ating on the sams 

63 
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cranks, as illustrated in fig. 11 at C; in this case the eight cylinders 
furnish four working impulses per revolution, with a most excellent 
balance. The addition of the second set of cylinders, however, 



Fig. n.— Arrangements of hoiizontal opposed engines. 


brings the arrangement within the class of “radial engines.” The 
Gobron-Brilli6 Company built such an eight-cylindered engine, each 
cylinder being open at both ends and fitted with two pistons and 
connecting-rods, agreeably with their well-knotvn practice. 

Fig. 12 shows an external view of the engine by aid of which,- 
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„ * 

on 16th September 1909, Santos Dumont flew from St Cyr 
to Buc, a distance of about 10 miles, in 15 minutes on his tiny 
aeroplane “Demoiselle.” This was one of the smallest machines 
that has succeeded in actually flying; the span of the wings was 
hot 18 feet, chord 6| feet, dnd extreme fore-and-aft length 20 feet; 
the total weight, exclusive of the j)ilot, was 242 lbs., of which the 
engine weighed about 120 lbs.; the two-bladed propeller was 
6 ' 6" in diameter, and was keyed on to the engine crankshaft. 

The engine (figs. 11, A, and 12) was one of the 5'12"x4 '73" 
two-cylindered opposed horizontal 25.II.P. Darracq type, without 



Fig. 12.—Two-cylindor horizontal opposod Darracq engine. 

flywheel, and revolved normally at 1500 revolutions per minute. 
The cylinders were of steel, machined from solid ingots and fitted 
with copper jackets hard soldered in place; the valves were 
located in the cylinder heads and operated by pu.sh-rods and 
rockers. Auxiliary exhau.st ports consisting of a row of holes about 
in diameter wete provided in the cylinder walls and overrun 
by tho pistons when near the end of the stroke; these gave in¬ 
creased freedom of exit to the burnt gases; they are shown in 

the illustration. _ ... 

One carburettor only was provided, a long induction pipe 
connecting this to the outer end of eacli, cylinder as shown; 
ignition was by high-tension magneto, the machine being fitted on 
,top of the crank-chamber; the cooling water was circulated by a 
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pump. The engine was lubricated by oil sprayed into the crank- 
chamber by means of a suitable pump. . , 

The Dutheil-Chambers engines were generally similar to the 
above; the two-cylindered engine was sometimes furnished with a 
steel flywheel with wire spokes, in order to steady the motion; 
the cylinders were attached to the crank-chamber by long steel 
bolts passing through bridge-pieces placed across the combustion 
chambers, thus relieving the working barrels of the cylinders from 
longitudinal stress due to the explosions. This feature appeared 
also in the opposed horizontal “Alvaston” engines, the bolts in 
this case being of vanadium steel; auxiliary exhaust ports were 
also provided in the Alvaston motors. An air-cooled two-cylindered 
horizontal opposed engine was made in Germany by Palons & 
Reuse; this was a light engine with hollow crank.shaft and 
automatic inlet valves; these and the exhaii.st valves were located 
in the cylinder heads, the exhausts being operated by push-rods 
and rockers. Hero also the light cast-iron cylinders were attached 
to the crank-case by long bolts passing through lugs cast on the 
outer ends of the cylinders; two carburettors were fitted, attached 
directly to the combustion chambers. In order to reduce the 
weight to the uttermost, lightening holes were drilled along the 
webs of the connecting-rods and even also of the valve rockers. 
As already stated, however, the opposed horizontal type of engine 
is now abandoned for air service. Wo proceed, thorefore, to some 
consideration of a more popular type characterised by a star-wise 
disposition of the cylinders. 



CHAPTER V. 

RADIAL AERO ENGINES. 

Radial 'Engines.—A wholesome fear of the evils resulting 
from excessive cylinder lubrication resulted in the early radial 
engines exhibiting a fan-like arrangement of the cylinders, the 
axes of all being inclined upwards from the crankshaft; the best 
known of these were produced by Anzani and Robert "E. Pjlterie. 
The fan-typo has not survived, increased experience having shown 
that with carefully designed forced lubrication the cylinders may 
be symmetrically disposed around the crankshaft without any fear 
of those below the horizontal becoming flooded. 

A sectional view of the 25 H.P. tlirtc-cylindcr fan-typo Anzani 
aero engine appears in tig. 13. This engine is worthy of special 
mention, as it was used by M. Bleriot in his memorable flight across 
the English Channel on 26th July 190!); the engine drove a two- 
bladed propeller, and the output was about 26 B.H.P. at 1400 
revolutions per minute. 

Prior to constructing aero engines, M. Anzani had already 
become well known as a builder of cycle motors, and inspection of 
fig. 13 shows at once the influence of this previous experience, 
his aero engine closely resembling a three-cylinder cycle motor. 

It will be noted that the air-cooled cast-iron cylinders are fitted 
with valves in a pocket at one side, the inlet valves being of the 
automatic variety, long abandoned in car and cycle practice, while 
the exhaust valves are operated in the usual manner, each having 
its own short half-speed shaft, gear-wheel, and cam, as shown in 
the central drawing of fig. 13. 

In almost all aero engines at the present date (1914), the 
valves are placed in the cylinder head; soi*e designs still retain 
the automatic type of inlet valve, but it is probable that this wiU 
gradually disappear, as has been the case in other directions. 




Fiq. 18.—Sectional views of three-cylinder Anzanl fan-type en^rine 
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The fan type of engine is obviously badly balanced, and to 
reduce^the cyclic speed fluctuation it was necessary to use the two 
heavy internal counter-weighted flywheels shown. It is clearly 
very undesirable to use for aeroplane work a type of engine 
requiring balance weights, an important reduction of weight being 
attained by employing a seH-bsilanced engine. 

The bore of this engine was 3'94" and the stroke 5'92"; hence 
at 1400 revolutions per minute the piston speed was 1380 feet 
per minute, and the output of 25 B.H.P. implied a brake mean 
effective pressure (rjp) of 65J lbs. per square inch (Eq. 32), which 
is low compared with values now commonly attained, and resulted 
from diminished volumetric efficiency due to the automatic inlets 
and small valve diameters. 

The petrol consumption is stated to have been 0 6 lb. per 
B.H.P. hour, corresponding to a brake thermal efficiency (Eq. 41) 
of 21'2 per cent., a creditable result for tliis design. 

The* three cylinders were all in the .same transverse plane, the 
three connecting-rods actuating a common crank-pin, as shown; 
two of tiie threewods were necessarily forked; plain bearings were 
employed throughout. 

The weight of this engine, incljiting the usual immediate 
accessories—carburettor, magneto, etc.—was 140 lbs., corresponding 

to ^^ = 5-6 lbs. per B.H.P., a high figure for an air-cooled aero 

mO 

engine, and due to the design involving the necessity of two 
massive flywheels. 

The cylinders were placed at angular distances apart of 72°. 
Suppose cylinder A to fire; cylinder C next fires, when the 
crank-pin has moved through 144° measured from A; cylinder 
B fires when the crank-pin has described 360+72=432° from A; 
then at 720° A fires again, and the sequence is repeated. Thus 
impulses occur at 0°, 144°, 432°, and 720°, measured from A’s 
axis, and the intervals between consecutive impulses are unequal, 
being us the ratio 1 : 2 ; 2 :1; this is, of course, a disadvantage, 
and. involves extra flywheel mass to reduce the cyclic speed 
fluctuation. 

Ignition is by high-tension magneto, the armature being driven 
at li times the crankshaft speed. Thus th» magneto makes 2J 
revolutions, and so gives 5 filing sparks, during each two revolu¬ 
tions of. the crankshaft; these sparks occur at angular intervals^ 
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720 

of crankshaft motion of —=— = 144°; the first, second, and fourth 
5 

of theffe are operative, and the tiiird and fifth idle.* 

An external view of the engine, showing the carburettor and 
inlet piping, is given in fig..l4. 

Water-cooled fan-type AnKani aero engines were also built, 
one design having six cylinders grouped in three pairs. 



Fib. 16 . —Exlenial \mv of .six cylimicr AiiMni rngine. 


The present design of the three-oylinder Anzani aero engine is 
shown externally in fig. 15; it will he seen that the cylinders are 
now syjmmetrically arranged, 120° apart, with the results that the 
balance is greatly improved, and the working impulses occur at 
equal angular intervals of 240° of crankshaft revolution. This 
is known as the Y-type design. By associating together two of 

* In aome cases the cylinders were placed only 60*apart; the impulses then 
occurred at crankshaft angles, mtasnred from A, of O', 120”, and 420 , so that the 
intervals between impulses were more unequal, being as 1:2'6:2‘6 per cycle. 
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these engines, the crankshaft having a double throw, with the 
throws at 180°, a six-cylinder radial engine is prodiiced; ^nch an 
engine is shown in extei-nal elevation in fig. 1G. The two cylinder 
groups are slightly “sUggerod,” the three pistons in each group 
acting directly upon one crank-pin, 

Mes,sr8 Anzani build also engines having five radial cylinders all 
in one transverse plane and operating on one crank-pin, and they 
aasociate two such engines together, acting upon a double-throw 
180° crankshaft, and so obtain a ten-cylindered combination. They 
have even gone further th.an this, and have duplicated the ten- 
cylindered arrangement, forming a twenty-cylindered, tioo-throw 
cr.ank, 200 B.H.l’. engine, each crank-pin being connected to two 
groups, each of five piston.s. 

An external view of a ten-cylindered engine fitted to the 
framework of an aeroplane i.s shown in fig. 17; it will be noted 
that the attac.hment is made by means of the ten crank-case 
bolts. 

The Table hereunder gives the leading particulars of the range 
of air-cooled Anzani aero engines for 1914:— 


Particulars op tub 1914 <Anzani Abro Enginbs, as PORNlSHEn 
BT TUB Makers. 


Nominal 

H.P. 

No. of 
cylm- 

dera. 

Cyliniipr 

grouping. 

Jtoie 
' in 
liiciies. 

i 

■ 

Stroke 

inches. 

Revs. 

]»er 

minute. 

Wciiiht 
in Ihs. 

List 
price 
in £ 
per 
n.p. 

Lbs. of 
petrol 
per 

H P. 
hour. 

Gallons 

of 

Inliri- 
eatiiig 
oil per 
hour. 

Piston 

speed, 

feet 

jier 

minute. 

Value 
ofwp 
in ll». 

per 

square 

inch. 

30 

3 

One 

4-14 

4-73 

1300 

4*0 

6 33 

•64 

0 6 

1025 

96 •? 

40-46 

6 

Two of 3 

3-64 

473 

1300 

3 6 

6-66 

•51 

0-7 

1026 

92*8 

60-60 

6 

Two of 6 

4i4 

4-73 

1300 

3 0 

6-80 

•62 

1^0 

1026 

87'9 

80 

10 

3 -64 

6 •12 

1250 

3-0 

r)'4 

•60 

1'3 

1065 

101 

100-110 

10 


4°J4 

6'.^2 

1200 

2*9 

5*1 

•48 

1-7 

1100 

93-Tk 

126 

10 


4-53 

6-92 

1200 

87 

5-4 

•57 

2-3 

1186 

se-a*! 

200 

20 

Four of 6 

4'14 

S-62 

1300 

3'4 

5-36 

•50 

2-6 

1200 

82-1 


The nominal brake horse-power tabulated is the maximum 
power obtainable under normal running conditions, and thus the 
figures for weight and price per .B.H.P. appear at their lowest 
values; it will be no^ed that the weight per B.H.P. ranges, roundly, 
from 3 to 4 lbs. only. The petrol consumption is low, averaging 
only about 0 55 lb. per B.H.P. hour, corresponding .(Eq. 41) to, a 






Fig. 17.—I'wi-cylinder Aiizani engine on aeroplane. 


engine made by the French military authorities in April 1913, 
which showed a consumption of only 0'49 lb. of petrol per B.H.P., 
the Corresponding brake thermal efficiency being 26 per cent.; the 
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output was 102 B.H.P. at 1210 revolutions per minute, giving a 
value of r(p of 90 lbs. per square inch. Tliese figures show a re¬ 
markable advance upon the performance of the tliree-cylindered fan- 
type engine of 1909 already described, and make it clear that the 
reproach of extravagance in fuel consumption can no longer be 
applied to the aero engine; as will be seen later, the eflicieucy of 
all the leading types has been vastly improved within the past 
five years. 

The oil consumption is expre.ssed in gallons per hour, and is 
still high as compared with that of the normal ear engine; but 
it is to be remembered that the aero engine is re(]uired to run 
practically at full power continuously, and thus cannot be tompared 
fairly with a car engine, which is rarely called upon to develop its 
maximum output in ordinary circumstances. 

The piston speed has an average value of 1090 feet per minute, 
which is somewhat lower than obtains in car engine practice. A 
value in the neighbourhood of 1000 feet per minute is common in 
aero engines for the reasons: (a) that to keep the size and con¬ 
sequently also the weight of the engine low an average length of 
stroke of not exceeding about 5 inches is adopted; and (6) that 
structural considerations j^r^ctically limit the speed of the air 
propellers at present used to a maximum of, roundly, 1200 revolu¬ 
tions per minute; hence a usual piston speed of —-^-—^ = 1000 
feet per minute. 

In a few instances engines are found in which the crankshaft 
revolves at about 2000 revolutions per minute while the propeller 
is driven from the half-speed shaft, the gear driving this being 
suitably strengthened to transmit the power; this involves, how¬ 
ever, a loss in transmission of about 5 per cent, of the total power, 
and has not so far been much used. 

Again, for bulk and weight reduction, the pistons are only 
about Jths of the cylinder bore in length, an4 the connecting-rods 
only about 3| cranks in length between centres; in car .engines 
the pistons are commonly about IJ times the cylinder bore in 
length, and the connecting-rods 4 to 4^ cranks between centres. 
The short pistons and connecting-rods of many aero engines involve 
greater obliquity of action and increased pressure intensity between 
piston and cylinder, which tends to more r4pid wear and thus to 
a diminished working life; reduction of weight and bulk*' are 
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howeverj as already explained, considerations of fundamental im- 
portajice in this service. 

In the engines of motor omnibuses, where the duty is very 
severe and continuous, experience has led designers to the use of 
pistons 1| times the cylinder bore in length, i.e. twice as long as 
in these aero engines, and such pistons are, naturally, found to last 
much better in service than the shorter type used in the earlier 
engines; the cylinders also have a considerably longer working life. 

Piston and connecting-rod lengths are points of much im¬ 
portance in design. Some cxperimofits with normal car engines 
have shown that piston friction alone constitutes 50 per cent, of 
the total internal friction of the engine; increase of this friction 
involves more rapid wear and also greater heating of piston and 
cylinder. With the very thin cylinders and pistons commonly 
employed in aero engines, this increase in heating tends to pro¬ 
duce distortion and consequent leakage in working. 

The values of tfp in the Table of Anzani engines above are very 
high in view of tlie fact that automatic inlet valves are used 
throughout; thc.se valves are, however, of large diameter, in the 
cylinder head, and so are more favourably placed than in the earlier 
fan-type design illustrated in fig. 13. > '' 

In fig. 18 is shown a longitudinal section of one of the six- 
cylindered, 3'54''x 4-73", 40-45 H.P. Anzani radial engines of which 
an external view appears in fig. 16. 

Crankshaft .—The hollow crankslijift is of nickel steel. Forced 
lubrication is provided to the crank-pins through the shaft as 
indicated, the oil supply entering at A; this involves drilling a 
radial hole in the shaft at a section through which the whole 
engine power is transmitted, which is an undesirable practice. 

Ball bearings are provided, that at the propeller end being of 
a combined journal and thrust type; the two main bearings are 
housed in bronze sleeves which also embrace the crankshaft, so 
■ that the arrangement adopted is really a combination of ball and 
plain bearings; it is claimed that in this way crankshaft vibrations 
at high speed are damped down. 

There are two crank-pins placed 180“ apart; on each of these 
.the three connecting-rods of the two groups of three cylinders 
operate; the central web is bent as shown, 8» as to bring the axial 
'planes of the two three-cylinder groups as close together as possible. 

C<yp,7f,ecting-rods .—The connecting-rods, B, are of high-tension. 
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steel of H-section, and about cranks in length between centres, 
with A plain bronze-bushed gudgeon end. The big end formation 
of connecting-rods in engines having several pistons operating 
one crank-pin is effected in several ways, as will be seen in the 
cases of the “ Salmson ” and “ Gnome ” engines described later. 
In the Anzani engines the method adopted, shown diagram- 
matically in fig. 18, is to form on each connecting-rod end a “ shoe,” 
C, consisting of a portion of a hollow cylinder bounded by helical 
edges, the dimensions of these shoes, C C C, are so taken that they 
do pot come into contact when two adjacent connecting-rods of the 
gi-oup of three connected with one crank-pin are at a minimum 
relative angle. 

The three shoes of each group bear upon a cylindrical bronze 
sleeve, D, in halves, which embraces the crank-pin, and rotates 
relatively to it once in each crankshaft revolution; the whole is 
held together by a pair of collars, E E, of tough bronze. 

The relative motion of the shoes and the bronze sleeve, D, is 
thus only that arising from the varying obliquity of the several 
connecting-rods during the crankshaft revolution. ' 

Pistons. The light flat-topped pistons, H, are of cast-iron, 
ground to fit the cylinder barrels closdly, and provided with cooling 
and stiffening webs on the under side of the crowns; two cast-iron 
spring rings are fitted. Each piston complete with its rings is run 
for some time in its cylinder, by a special machine, before being 
set to work in the engine. The gudgeon pins are hollow nickel- 
steel tubes, hardened and ground, and fixed in the piston bosses 
by a set screw as shown. 

The Cylinders.—'Y:]xe cylinders K K are of cast-iron, with the 
usual cooling ribs, these being of parabolic cross-section; the flat 
cylinder tops contain the conical seats of the inlet and exhaust 
valves. The cylinders are attached to the crank-case each by two 
^long bolts connected to the through crank-case bolts at one end, 
and passing through bosses formed at the outer ends of the 
cylinders at the other, as shown at L in the lower part of fig. 18, 
thus relieving the working barrels of longitudinal stress due to 
the explosions. 

The cylinders are slightly offset (or desaxP), i.e. their axes, 
produced, do not intersect that of the crankshaft; the offsetting 
is indicated in fig. 22, and the advantages of the practice are 
mentioned on p. 11 infra. 
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The Granh-case. —The aluminium crank-case MM is in halv^^*' 
connected together by long bolts, N N (see also figs. 16 and l7j, 
which are utilised to attach the engine to the aeroplane frame, 
as shown in fig. 17. Two “breather” tubes are fitted to the top 
of the crank-ease; these are visible in fig. 16. A sump fitted with 
draining plug is provided in the bottom, from which spent and ■ 
carbonised oil and sediment may be withdrawn at intervala 

As already stated, lubrication is forced to the crank-pin and 
main bearings, the oil entering at A. The pistons, gudgeon pins, 
and remaining moving parts are lubricated by the oil from the 
crank-pins, which is whirled off when the engine is running, and 
mait)tains an oil fog within the crank-chamber. The oil-pump, 
delivering at A, is formed on the valve-ge.ar cover, and is a simple 
form of cam-oporated plunger pump, with ball valves, the delivery 
stroke being caused by the cam, while the suction is provided by 
a helical spring. Sight-feed compressed-air gauges are fitted, in 
which the level of the oil may be .seen, thus showing that the 
necessary pressure is maintained and that the lubricating,system 
is working correctly. 

The Ansani Company use the “ Zenith ” carburettor' (0, fig. 18), 
from which the carburetted air passes into an annular chamber, PP, 
.surrounding the rear part of the crank-case; from this chamber 
pipes, R, radiate to the several inlet valves (see also figs. 16 and 17). 
The exhaust gases are sometimes discharged directly into the 
atmosphere from the exhaust orifices, S, but are also sometimes led 
into a “ collector ” pipe and silenced, as shown in fig. 19. 

Ignition.—Ignition is by high-tension magneto, the machine 
employed being a Gibaud; it is shown at T in fig. 18, and is gear- 
driven from the rear end of the crankshaft. 

The magneto gives two sparks per revolution, of its armature; 
as the engine illustrated requires six firing sparks in each two 

Crankshaft revolutions, the magneto is geared so as to run at 

= 1J times' the crankshaft speed. In the three-cylindei" Y'typc 
engine illustrated in fig. 15, as only one-half as many firing sparky 
are needed, the magneto is driven at thcee-fourths of the crank¬ 
shaft speed. Two ignition plugs are fitted to each cylinder, thus 
permitting of dual i^ition if desired, and also enabling the acting 

' For description, see Clerk and Burla, The Gai, Petrol, and OH Engine, 
(London : Longmans, Green & Co.). 
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plug to be tbe higher of the two in the lower cylinders, so as 
to l^sen the risk of defective firing occurring through over 
lubrication. 

The Valves .—The nickel-steel valves are of the cone-seated 
poppet type, of large dia'uieter, and are fitted in the flat-topped 
ends of the cylinders; both valve scats are in the cylinder casting, 
so that, in order to examine or replace a valve, the whole cylinder 
must be disconnected and withdrawn. The inlet valves, as already 
stated, are of the automatic type long abandoned in car engine- 



Fio. 19.—Anzaiii engine with oxhauet “collector.” 


practice; the exhaust valves are cam-operated through the medium 
of push-rods and rockers, as shown in figs. 16, 17, 18, and 22. The 
cam U is in one piece with its driving pinion V, and, as shown in 
figs. 18 and 22, runs on a large plain bearing formed by the outer 
surface of the extended bronze sleeve Y; it is driven from the 
pinion W through two intermediate gear-wheels arranged as indi¬ 
cated in fig. 22; one of these intermediate gear-wheels, X, running 
at half crankshaft speed, operates the oil-pump and carries an 
extension to which a revolution counter is attached; the cams and 
driving gear are completely encased, as shown in the two illustra- 
tion^ referred to. The cam U actuates the push-rods through the 
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medium of ease-hardened and ground steel tappet rods running in; 
bronze guides; each tappet rod carries a hard steel roller at its 
inner end to reduce friction. 

The cam arrangement is extremely ingenious and demands 
detailed explanation. It is necessary to 'establish first the proposi¬ 
tion that in single-acting four-stroke radial or rotary engines in 
which all the pistons act upon one crank-pin there must be an odd 
number of cylinders if the working impulses are to occur at equal 
angular intervals of crankshaft (or cylinder) revolution. The 
necessity for an odd number of cylinders to each crank-pin is 



Fiu. 20. 


most easily realised by considering fig. 20, in which cases of 
radial engines having eight and nine cylinders respectively are 
contrasted. 

Firstly, it is clear that the cylinders must not be arranged to 
fire comecutivdy, as in this case, being single-acting and four- 
stroke, all would fire in one revolution, with an idle revolution 
following; they must accordingly be set to fire alternately. And 
if they fire alternately, examination of fig. 20 will show that for 
impulses to occur at equal angular intervals the number of cylinders 
must be odd. 

For, taking the case of the eight-cylindered engine, the order 
of firing would be I, 3, 5, 7, 2, 4, 6, 8, 1, etc.; hence the interval 
between 7 and 2 would be times the average, while that Iwtween 
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8 and 1 would be only one-half the average; thus the impulses 
WOUI 4 occur unsymmctrically. 

On examining, however, the case of the nine-cylindered arrange¬ 
ment, it is clear that in two circuits we get round by equal angular 
steps and return to the starting cylinder 1, the order of firing teing 
1,3,5,7,9,2,4,6,8,1; thus there must be an odd number of cylinders. 

Aero engines provide instances of three, five, seven, and nine 
cylinders' operating on a single crank-pin; the six-cylinder Anzani 
just described consists of two three-cylinder engines associated 
together, the crankshaft having a double throw, and the throws 
Isiing at 180°; so also in the ten- 
and twenty-cylindered engines 
the cylinders are in gi-oups of 
five to each crank-pin. 

When the cylinders of a riidial 
or rotary engine arc numerous, if 
each ekhaust valve required its 
own cam, the number of cams 
would become very large, and the 
valve dri vinggear of considerable 
bulk and weight; for exam; le,a 
twenty-cylindered engine would 
need twenty exhaust valve cams. 

It is now to be shown, how¬ 
ever, that if N be the number of 
cylinders acting upon one crank- 
pin, aU the exhaust valves can be operated by a single disc revolv¬ 
ing in the opposite direction to that of the crankshaft at —Ith 

N —1 ViN-I/ 

of its speed, and having — 2 — cams formed on its edge. Thus, in 

fig. 21,1, 2, 3, . . . represent the several valve tappet-rollers of a 
group of N radial cylinders driving one crank-pin, and A, B, C ... 
* cams on the edge of the disc ZZ.- 

Suppose the crank-pin driven by the N cylinders to revolve in 
the direction of the upper arrow; let valve 1 be just operated by 
the cam A. The next, valve to be operated is that numbered 2, 
and this may be done by a cam B, as shown, Q° in advance of 2, 
the cam disc revolving negatively as indicated by the lower arrow. 

* Sec, however, footnote to jmge 171, also Appendix I. 

• For the luodilication of this result to the case of a Rotary Engine, see App. II. 
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Similarly, after 2 follows 3, which can be operated by cam 0, 20 *. 
in advance of 3 in the configuration shown ; and so on. , 

Now, tho-valve immediately to the left of No. 1 is the 
and clearly thi.s must, in due course, be operated by cam A. 

So that the disc must turn negatively through an angle 

degrees while the cranlc-pin turns from 1 to ^ j; the angle 
turned by the crank-pin may be determined thus: 

From— 


360 


1-2 

2-3 

•3-4 


N -1 N + 1 
2 2 ' 


Tlip crunk-jMii turns through— 

720 , 

N" degrees. 

o ^20 
• 2 X 


3x 


720 

N" 




/N-l\ 720 , 

)x degrees. 


Hence the disc turns negatively through degrees while the 

crank-pin turns through degrees; so that we have; 

_360 

Angular velocity of disc _ N" 

Angular velocity of crank-pin ~ /N — In 720 

V '2 ~) N 

that is: „ „ ^ ‘ 

or the disc revolves in the opposite direction to the crank-pin and 
at of the speed of the crank-pin. 

To determine the number of cams necessary we observe that 
Valve No. 1 ' requires 1 cam, 

„ No. 2 „ ft 2nd cam, 




"'KAIUJiic AKKU ISJNUlirJSS. 


IS 


i''.while the next valve, viz. No. 




, is operated by the let cam. 


pence*the number of cams roiiuired on the edge of the disc is: 


N-1 

2 


(45) 


It seems necessary to show that the number of cams thus deter¬ 
mined will correctly operate all the exhaust valves, which may be 
done as follows;— 

Referring to fig. 21, as the number of cams on the disc is — 

the angle between consecutive cams is degrees; honco, 

2 

■ when cam A has moved round negatively through degrees and 

is operating the ^^-^jth valve, cam 11 is degrees away, oloch- 
wiso, and must next operate the valve numbered “G” in the figure. 

degrees away clockwise from the 


Now " C” is 2 X 


(—^*)th valve; hence cam B is - 


720 720 


720 


N-1 N “(N-])N 


degrees 


away clockwise from valve “G”; when, therefore, the crank-pin 

■(' 


has turned through the angle between the ^ ')th valve and “6,” 

A 


) 

i.e. through degiocs clockwise, the cam disc, turning negatively 

at the rate of the crank-pin, will have moved cam B 

1 720 

negatively through degrees, which is precisely the amount 

necessary to cause it to operate valve “6.” As this argument 
applies to each valve in succession, the operation of the cams. 
* will be throughout in step with the requirements of each of the 
N valves. 

Of course, if the inlet valves are also mechanically operated, a 


further set of 


N-1 


„ cates on a second disc, or, at any rate, in a 

different plane from tho.se operating the exiiaust valves, will be 
necessary to operate them, and in this case the total number of 
«am8 ±a be provided will be (N — 1). 
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There are already cases of aero engines whose 3, 6, 7, and 9 
cylinders act on one crank-pin ; the following short table shqws the 
disc speed and number of cams necessary to operate ecich set of 
valves:— 


From Eqs. (44) and (45). 


Number of 
cylinders 
on one 
crank-jMn. 


N= 


Ratio of disc 
speed to 
crankshaft 
speed. 


1 : 2 
1 : 4 
1 : 6 
1 : 8 


Number of 
cams (*n disc 
to o]>erate 
one set of 
the valves. 


This very ingenious system of operating the exhaust valves is 
adopted in all the 1914 An/ani aero engines; in the six-cylindered 
engine illustrated in figs. 16 and 18, which is formed, as already 



» 

explained, by associating together two three-cylinder groups with 
their crank-pins at a disc with only one cam suf^ces to* 
operate all six exhaust valves. The arrangement is diagrammatic- 
ally shown in fig. 22; the six tappet-rods are all in one plane with 
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the cam disc U; the disc revolves in the opposite direction to that 
of the^ crankshaft and at one-half its revolution speed; the cam 
thus alternately operates a valve of the one and the other group of 
cylinders at intervals of 60“ of disc rotation, i.e. of 120° of crank¬ 
shaft rotation, as the engine" rerjuires. 

The ten-cylindered Anzani engines are formed by associating 
two groups of five each, with crank-pins at 180°; 
in this case there is not room for ten tappet-rods 
to lie all in the same transverse plane; they are 
accordingly arranged five each in two transverse 
planes at a short distance apart, and are all 
driven by one “ disc ” made in one piece with its 
driving pinion, and provided with a total of four 
cams in two planes, two being in each plane, 
mutually at right angles, as clearly shown in 
fig. 23. This disc is, of course, driven in the 



Fio.23.— Cams of ten- 
cyliiiiJor Anzani 
cn^in^ 


opposite direction to that of the crankshaft, and at one-fourth of 
its revolution speed. 

The 200 H.P. Anzani Engine.—Reference has already been 
made to the 200 H.P. Anzani aero engine as formed by associating 
together four five-cylindered group.s, tjie extemal appearance pro¬ 
duced being as exhibited in fig. 24 

The first two groups each of five cylinders act on one crank-pin 
of the <mo-throw crankshaft, the second two groups similarly 
acting on the second crank-pin; the two crank-pins are not exactly 
opposite, but include an angle of 162°, an arrangement that is 
claimed to reduce vibration in running; the engine is carefully 
balanced so as to run with great smoothness. 

The exhaust valves of the first two gi'oups of cylinders are 
operated from the front of the engine, those of the second two 
gi-oups from the back; each pair of groups by a disc with four 
cams—as in the ten-cylindered engines—running in the opposite 
^lirection to the crankshaft and at one-fourth of its speed. 

There are two annular mixture chambers (as PP, fig. 18), one at 
the front and the other at the back of the engine, each being 
independently supplied ,by its own “Zenith” carburettor; the 
controls of the two carburettors may be connected together if 
desired. 


Ignition is eflected by two high-tension Gibaud synchronised 
magnetos, shown clearly in fig, 24; as each must furnish ten sparks 



:?6 ' AEJio Engines. 

in every two crankshaft revolutions, or five per revolution, each iiijj 

5 

driven at - 5 -, i.e. two and a half times the crankshaft speed. Twenty 

working impulses occur during every two crankshaft revolutions, 
or ten per revolution; the interval between consecutive impulses is 



Fin. 24.—Twenty cylindered 200 II.P, Anyani radial engine. 


thus only =36° of crankshaft angle; hence at any instant fiv^ 

of the cylinders are always working, and the motion is consequently 
very uniform. 

It may be noted that when running, at 1200 revolutions per; 
minute there are 200 explosions, i.e. working impulses, per second 
acting on the crauksiiaft. 

The lubricating system being also in duplicate, it is seen that 
this twenty-cylindered engine is in effect two separate ten.-cylind^? 
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^its, each of which is capable of running independently of 
ihe otjier. 

The remaining details of construction are generally similar to 
those of the six-cylinder design already described. 

Offsetting of the Gylindera .—In all the Anzani aero engines the 
cylinders are slightly “offset” or “desax6,” i.e. the cylinder axis 
produced does not pass through that of the crankshaft The 



Fio. 26.—Diagram showing efl'ect of “ offsetting.” 

principal object (rf this practice is to diminish the obliquity of the 
connecting-rod to the piston axis during the working stroke, and 
thus reduce piston friction and consequent heating and wear; 
incidentally also it causes the piston to move more slowly at the 
commencement of the working stroke, and so tends to permit the 
explosions to occur mpre nearly at constant volume, which is 
advantageous. Offsetting the cylinders of petrol engines has been 
frequently adopted by designers in recent years. 

The difference in the motion of the piston when the cylinder is 
offset from that in the more usual arrangement is exhibited in 
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fig. 25; the usual arrangement is shown in dotted, and the offset 
in full, lines. If C denote the amount of the offset, then tha.stroke ' 
of the piston is slightly increased by offsetting, and when C is small, 
as is usually the ease, is expressed very closely by: 

Stroke of offset piston = 2r^l p * "^ 2 )’ • * 

where r and I denote the crank and connecting-rod lengths re¬ 
spectively. 

Although the stroke is thus a little greater, the engine may 
actually be made a little shorter, as will be seen from the figure, 
A and A' denoting the positions of the piston when at the top of 
its stroke in the two cases. 

The curves show the relation between piston movement and 
angular motion of the crank-pin, the full line referring to the 
offsetT and the dotted to the usual, arrangement. It will be noted 
that during the “ out ’’-strokes, i.e. suction and working, the offset 
piston is behind the other; for example, when the crank-pin has 
described 90° from its topmost position the offset piston, in the 
case assumed, has described just over 60 per cent, of its stroke, 
whereas in the ordinary case—as shown by the dotted curve—it 
would have described just over 60 per cent.; the difference is more 
marked at the commencement of the down-stroke, and, as aheady 
stated, may confer a practical advantage in running. 

Having now described a typical example of an air-cooled radial 
aero engine, some account will next be given of a successful type of 
water-cooled radial aero engine. 

The “ Salmson” Aero Engine. —The “ Salmson ” aero engines, 
invented jointly by MM. Canton and Unn6, are manufactured on 
the Continent by the Soei^t6 Anonyme des Moteurs “ Salmson,” of 
Billancourt, Seine, and in Great Britain by the Dudbridge Iron 
Works, Ltd., of Stroud, Glos. 

An external view of the nine-cylindered water-cooled radial 
Salmson aero engine appears in fig. 26; the nine cylinders are 
symmetrically disposed around the crankshaft, and the nine con¬ 
necting-rods all operate upon one crank-pin in the manner described 
below. 

The Salmson engfnes are also arranged with the cylinder axis 

in a horizontal plane and the crankshaft axis vertical; in such 

cases the propeller is driven by means of bevel gearing. ■ This 
*■ » *• 
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horizontal disposition is often adopted in dirigibles, and occa¬ 
sional^ in large sea-planes; it lends itself conveniently to the 
general arrangement of dirigibles, diminishes view obstruction and 
head resistance, and furnishes a convenient means of providing a 
speed reduction from the ‘ engine to the propeller. The usual 
reduction of speed in these engines is in the ratio of 9:5, so that 
the propeller may be of large diameter and comparatively low 



Fig. 28.—110 H.P. Salmson engine. 


revolution speed, which is a desideratum in large air-eraft. An 
external view of a horizontal Salmson engine appears in fig. 27. 
*It will be seen that the bevel reduction gearing is completely 
encased, and that the engine exhaust is silenced. 

A diagrammatic section through one cylinder of a Salmson 
engine, showing also tl^e crankshaft and connecting-rod attach¬ 
ment, is given in fig. 28. 

Cranksluift .—The stout hollow steel craflkshaft has a single 
throw, and is in two pieces, A and B, the crank-pin being in one 
with the left-hand piece A; connection with B is made by the 
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coned, keyed, and screwed end of the crank-pin, and the 
this separation of the crankshaft is necessary to enable the cage t. 
FF carrying the big-end pins of the several connecting-rod's to be'. ' 
mounted on the crank-pin. 

Lubrication is provided to the c'onnectiiig-rod big-end pins 
through the crankshaft as indicated; the oil enters at the right-. 
hand end of the shaft through an axial hole D. 



Fio. 27.—Horizontal Salmson engine. 


The crankshaft is carried in large ball-bearings; no white- 
metal bearing is used in any part of the Salmson engines. 

CoTi/necting-rods. —The seven, or nine, steel connecting-rods EE 
of H-section are machined all over and fitted at each end,with' 
bronze eyes; the distance between the axes of these eyed ends is 
about crank-lengths. 

The method of connecting up the several rods to the crank-pin 
is one of the most characteristic features in the Salmson design, 
and is as followsdeferring to figs. 28 and 29, a steel cage or 
connecting-rod carrier FF, borne on the crank-pin by the baUj 
bearings G and H, is fitted with the symmetrically disposed,sevefe* 
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■or nine, hollow steel big-end pins J, by wdiich the connecting-rods 
are severally attached. 

I ' 1 
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Conflider first the usual case of a single connecting-rod acting 
ipon .a crank-pin as indicated in fig. 30; the big end, to which 
ihe can-ier FF here corresponds, does not rotate during the running 
)f the engine, but, being a part of, and hence rigidly attached to, 
.he connecting-rod, o.scillates through the angle 6 per revolution 
)f the crank-pin, due to the finite length of the connecting- 
•od. As the length of the connecting-rod in relation to the 



crank-length is increased, 0 becomes less and less, and in the 
limit, for an infinitely long connecting-rod, the big end does not 
oscillate at all. 

In the Salmson engines it is ingeniously contrived that the 
cage FF shall not oscillate at all by means of the epicyclic train 
KLL'M (figa 28 and 29), of which K is rigidly fixed to the 
crank-ease so as to be incapable of rotation, while the pair of 
^ual wheels L L' are carried on a spindle borne in an extension 
of the crank-cheek, and consequently revolve with the crankshaft, 
and lastly M is a wheel, exactly equal to K, formed in one piece. 
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with the cage FF; the gear-wltecla K and L and L' and M are 
constantly onnicshcd. 

'I'he arrangement of this epieyclic train will be readily appreci¬ 
ated from the small diagram on the lower left of fig. 29; normally 
K is at rest, while the crank carrying L and M revolves around 
the crankshaft a.vis in the direction of the arrow. 

Assume, firstly, for simplicity, that K, L, and M are all equal; 
when the crankshaft makes -|-1 revolution in tin; direction of the 
arrow, it is required to determine the number of revolutions per¬ 
formed by L and M respectively. 

This is done by the artifice of supposing that to the whole 
system a common rotation of -1 revolution is communicated; in 
this cfise it is clear that:— 

1. 1 he crankshaft makes -t-1—1=0 revolutions, f.c. is brouo-ht 
to re,st. _ 

2 : The normally fixed pinion K makes 0-1= -1 revolutions, 
i.e. turns once round in a clockwise direction. 

3. The pinion L, now turning on a fixed axis, and enmeshed 
with K, makes -f-l revolution. 

4. The pinion M, now turning also on a fixed axis, and enmeshed 
with L, makes — ] revolution. 

These relative revolution rates are constant, and remain un¬ 
changed when any rotation common to the whole sy.stem is imposed 
upon it. Let, then, a common rotation -fl be imposed; we thus 
restore the system to its actual working condition, and see that:— 

1. The crankshaft makes 0-1-1 = 1 revolution in the direction of 
the arrow. 

2. rile pinion K makes—l-f-l = 0 revolutions, i,c. remains fixed 

3. The pinion L makes -1-1 -1-1 = 2 revolutions in the same 
direction as the arrow. 

4. The pinion M makes —1-1-1=0 revolutions, and therefore 

does not rotate, though its centre is carried round in the circle 
described by the centre of the crank-pin. ’ 

Hence the gearing provides that tlie cage FF, carrying the 
seven, or nine, big-end pins, does not rotate at all. 

Actually the pinions L are smaller than the necessarily equal 
pinions K and M; this does not affect the relation of K and M, but 
the pinions L make (N-|-l) revolutions per revolution of the crank-, 

shaft, where-i=^ = |'. 
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The effect of tlie non-rotation of the cage FF and pins J upon 
the motion of the pistons is rendered clear by fig. 31. Let J be 
any one of the big-end pins; then the line JA remains always 
parallel to the cylinder axi.s EB, Through J draw JJ' parallel to 



Pio. 31. 

AB, and meeting EB in J'; then, as JA is always parallel to 
EB, J'B is constant and J'J is equal to BA; that is, J describes 
a circle of radius equal to AB about the fixed centre J'. A similar 
result obtains for the remaining pins 2, 3, 4,. . . 7, these describing 
ciicles about the fixed centres 2^, 3^, 4^, . 7^ respectively; all 

these circular paths are of radius equal to that of the crank-throw 
BA, and their centres all lie on a circle of radius equal to AJ. i.e^ 
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to that of the circle on which the centres of the seven big-end 
pins lie. 

Through A draw AC parallel to JE; it is evident that in the 
usual arrangement, i.e. where the big end embraces the crank-pin, 
AC would be the position of the connecting-rod in the configura¬ 
tion of fig. 31. Hence the effect of carrying the big-end pins J in 
the cage FF is that, for the same ratio of connecting-rod to crank, 
the piston is further from the crankshaft centre by the distance 
CE, i.e. A J. Thus the over-all diameter of the engine is increased 
by twice AJ, i.e. by the diameter of the circle round which the 
big-ejid pins are ranged due to this mode of attaching the con¬ 
necting-rods to the crank-pin; the bulk and hence the weight of 
the engine must, in con,sequence, be somewhat increased. 

The forces set up in the epicyclic train in restraining the cage 
FF are found to be best distributed by setting the pins JJ a little 
backv^ard'(about 6° in the seven-cylinder de.sign) from the direction 
of the crankshaft rotation, as will be observed in fig. 2!). 

Fistone .—The pistons (see fig. 28) are of cast-iron, flat-topped, 
and fitted each with three cast-iron spring rings. Much difference 
of opinion still exists as to the suitability of steel for the pistons 
of petrol engines; though'they may be made somewhat lighter 
when of steel, it is indisputable that steel pistons, particularly when 
used in steel cylinders, have occasioned considerable trouble by 
“seizing,” and in several cases coihstructons, after trying steel 
pistons, have reverted to the use of cast-iron. The gudgeon pins 
are hollow tubes of a tungsten steel, fixed in the piston bosses by 
a set screw as indicated in fig. 28. 

Cylinders .—The cylinders are of nickel steel, machined all over, 
and produced from solid ingots; the finished thickne,ss of the 
working barrels is but 008 inch (2 mm.); the flat-topped com¬ 
bustion chambers carry bosses into which the casings of the inlet 
and exhaust valves are screwed, as indicated in fig. 28. The water- 
jackets are of spun copper, brazed to the cylinders, and corrugated 
to permit the working barrels to expand freely. To ensure efficient 
cooling of all the cylinders in water-jacketed engines of radial type 
has proved a somewhat troublesome problem;' the arrangement 
adopted in the vertical Salmson engines is indicated in fig. 32. 

A centrifugal punjp, gear-driven at about the engine speed from 
the rear end of the crankshaft, delivers the cooling water to the 
• lowest point of the two bottom cylinders; issuing from the highest 
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points of these, it enters the next pair at the inner ends of their' 
jackets, and leaves at their outer ends, and so on alternately; the 
course of the circulation is clearly shown in fig. 32. From the top 
of the uppermost cylinder the heated water passes to the radiator; 
from the bottom of the radiator it returns, cooled, to the circulat¬ 
ing pump. 

The water pipes are of l/j," bore; a small pipe A (fig. 32) 
connects the pump suction with the rising pipe from the topmost 
cylinder, to facilitate the escape of any air or steam which may 
exist or form in the pipe sy.stem and would otherwise prejudice 
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Fig. 32. — \Vat«r*cooliiig systeni of Salmson engines. 

the performance of the pump; the pipe connections are made by 
rubber unions. 

The cooling surface necessary depends to some extent upon the 
type of radiator and the normal speed of the aeroplane. For 
ordinary cases, and with radiators composed of flattened tubes 
pitched yV' apart, about 56 square feet of surface suffices for a 
seven-cylindered 90 B.H.P. engine, while for the nine-cylindered 
130 B.H.P. type about 90 square feet is usually provided. 

In cases where the propeller is placed behind the radiator it is 
mecessary to increase these cooling areas by about 16 square feet. 
If the engine be situated above the radiates, a small reservoir, of 
about half a gallon capacity, is fitted at the point where the heated 
; water, leaves the engine. 
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The Crank-case .—alninitiium crank-case is in halves 
between winch the cybrnlers are securely clamped, as indicated in 
%. 28 the cam-box NN on the left is detachable from the crank- 

^th lie fi t P’'«ce 

ball h “ double-row 

ball bearing supporting the inner end of the crankshaft. 

le lubricating system is shown diagrammatically in fiii 33 

A double pump ,.s fitted below the cam-box; the one pump draws 

1 from the crank-case sump, and delivers it to an exteraal oil 

rc.servoir placed about 15 inches at least above the crankshaft 
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Fio. 33.—Lubiicatiiig system ofSalmsoii 


engines. 


centre, here it becomes cooled. The other pump draws from thi 

of finr'"”’’ a fof two sheet 

it is del discharges into a sight feed box, whenc 

cam tex end D, and to th, 

-box through the pipe P (see also %. 28). The oil enterini 

to LTv'' 1 and crank-pi! 

to he several teg-end pins; the exudation is whirled off and assisfa 
m lubricating the pistons add gudgeons. 

Through P lubricant is supplied to ihe cam-box. The oi 
thrown on the inner surface of the crank-case drains into the sumt 

several cylinders project well into the crank-chamber and thus 
prevent those below the horixonfal from becoming flooded-with 
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oil. Any good motor-car engine type of oil is suitable for 
lubrication. 

Ga/rbwration .—The carburetted mixture is supplied by two 
“Zenith” carburettors fitted with choke-tubes to a de.sign of the 
Salmson Co. These carburettors are placed on the horizontal axis 
of the engine and deliver through hot-water jacketed branches into 
an annular mixing chamber, whence induction pipes proceed to the 
several cylinders. Heating the mi.x.ture before it enters the annular 
chamber is beneficial to the extent of furnishing the latent heat 
necessary to just vaporise any suspended petrol spray; any heat 
in excess of this attenuates the charge by causing its expansion, 
and is thus undesirable; mixture-pipe jacketing is particularly 
useful at great altitudes, where very low temperatures prevail. 

The service petrol tank is placed about one toot higher than the 
float-boxes of the carburettors, and is connected up by as simple a 
piping arrangement as po.ssible; unions in the petrol pipes may be 
made with lengths of “ Duritt,” Very fine gauze filters are fitted 
in the petrol tank, and the petrol itself is strained through chamois 
leather before use. 

Exhaust silencers may be fitted if required; some experiments 
with a nine-cylindered IfiO B.H.P. engine showed that the addition 
of an exhaust silencing apparatus reduced the output by only about 
4 B.H.P. The silencing of aero engines is desirable from military 
considerations, and the reduced noise and deflection of the exhaust 
gases add materially to the comfort of the pilot. 

Ignition .—In the seven-cylindered Salmson engines, ignition is 
effected by a Bosch high-tension magneto of ordinary type giving 
two sparks per revolution; as the engine requires .seven sparks per 
two crankshaft revolutions, the magneto armature is driven at 


7 

2 x2 


= lf times the crankshaft speed; the order of firing is of 


course 1, 3, 5, 7, 2, 4, 6. • 

In the nine-cylindered engines the igniting magneto is of the 
so-called Bo.sch “shield” type, giving four sparks per revolution. 
Ordinarily the magneto armature revolves between the pole-pieces 
of the permanent magnets, and two sparks per revolution are then 
obtained; in the “shield” magneto, however, the armature ia fixed, 
and round this fixed armature and between iff and the magnet pole- 
pieces a cylindrical segmental iron sleeve rotates. In each revolu¬ 
tion .of this segmental sleeve the current intensity attains a 
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maximura four times, and being then interrupted provides accord¬ 
ingly four firing sparks per revolution. As the engine requires 
nine sparks per two crankshaft revolution,s, and the magneto gives 
eight sparks per two sleeve revolutions, it is clear that the magneto 
must be driven at i’ths of the crankshaft speed. 

The Salm.son Co. are now (1914) arranging to fit two magnetos to 
all their aero engines, each magneto supplying its own set of sparking 
plugs, so that there are two plugs in each cylinder, and the ignition 
is therefore “ double ”; the principal object of this duplication is to 
have a re.serve ignition in the event of a magneto failing. 

Valves .—The nickel steel valves, both mechanically operated, 
are of the cone-seated poppet type, nearly 0 5 of'the cylinder bore 
in throat diameter, and are located—as usual with aero engines—in 
the flat-topped cylinder heads, partly to leave the working barrels 
plain cylinders and so reduce the ri.sk of irregular heat distortion 
duriTig working, and partly to' improve volumetric efficiency, as the 
whole valve circumference is available for inflow and outflow of gas. 

Each valve is contained in its own seating casting, which screws 
into a bo.ss in the cylinder head, as shown in fig. 28; when practi¬ 
cable, it is preferable to seat the exhaust valve in the cylinder head 
itself, so that the jackct-coOling water may be as near the valve 
seat, and valve, as possible; the exhaust valves of aero engines 
usually run red-hot and are a fruitful source of trouble. 

The helical valve springs are fitted in the unusual manner 
shown in figs. 26 and 27 ; an advantage of the arrangement is that 
the springs remain cool during working, and thus their temper 
remains unaffected. 

Each valve is cam-operated through a tappet, push-rod, and 
rocker, as indicated in fig. 28; the seven (or nine) cams ER are 
keyed on a sleeve formed in one piece with the gear-wheel S, 
through which they are driven at half the crankshaft speed by 
the train of gearing V, U, and T; it will be noted that the lower 
ends of the push-rods are belled and fit over the ball-ends of the 
tappet-rods as shown at W. 

A special feature of the' Salmson engines consists in the opera¬ 
tion of both valves of each cylinder by onq cam; the arrangement 
is diagrammatieally shown in fig. 34; the small rocking lever X, 
pivoted at Y, bears ak its ends rollers Z Z through which the cam 
Q in the course of its rotation lifts the tappets W W' in succession, 
and so operates the exhaust and inlet valves respectively. 
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This method of operation obviously involves equal periods of 
admission and exhaust; in normal car engines experience has led 
to the following as the average valve setting:— 

Inlets . . Open 12“ late. Clo.se 20° late. 

Exhausts . . „ 45° early. „ 6° „ 

So that from the beginning to the end of opening the crankshaft 
describes about 188° of angle in the case of the inlet valves, and 
231° in that of the exhausts. 

In the Salmson engines the setting is so arranged that the 
exhaust closes and the inlet opens 
at the outer dead centre, while 
the exhaust opens and inlet closes 
nearly at the inner dead centre; 
this tends to increase of exhaust 
back pressure and diminished suc¬ 
tion period, and so to reduced 
volumetric efficiency. 'I’he valves 
are, however, large, and the engine 
speed is not high, so that the 
effect is probably of but little 
importance. 

General .—The range of Salm 
■son aero engines manufactiu'ed 
by the Dudbridge Co. in 1914 
comprised six types, the leading 
particulars of which are given in the table below. The general 
disposition of the seven- and nine-cylindcrod types has already 
been described. The fourtcen-cylindered 200 ll.H.P. design consists 
of two groups each of seven cylinders acting upon a one-throw 
crank, the junction of the crankshaft being made in the common 
crank-pin between the two big-end pin cages. 

■ This fourteen-cylindered engine is noteworthy as it acts upon 
a 8M:-stroke and not upon a four-stroke eycle, the valve cams being 
in consequence specially arranged, and the cam-shaft driven at ons- 
third, and not one-half, of the crankshaft speed. 

This is done in order to obtain working impulses at equal 
"angular intervals of crankshaft revoluticn with two seven- 
cylindered groups operating all on one extended crank-pin; the 
necessity of this, and the order of firing, are rendered clear by 
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LbaDINQ PAKTICULAltS 01' THE 1914 “SaLMSON ” AbBO EnGINES, AB MANU-. 
I'ACTUHEo ny TUB DuuniuDOK Iron VVorks, Ltd., Stroud, Glob., 

UNDER TUE “SaDMSOn” PaTKNTS. 


Type. 

Nuin 

iiml 

B.H.P. 

No. of 
cyliii- 
dura. 

Cjljiiijcr 

griiupuiK. 

Bore 

ill 

inches. 

stroke 

in 

inches. 

Nor¬ 

mal 

bpeed 

in 

r.p.ni. 

List 
price 
in £ 
jier 
B.H.P. 

Lbs. of 

petrol 

per 

B.H.P. 

hour. 

dallona 
of oil 
per 
hour. 

Piston 
speed 
in feet 
per 

minute. 

Value 
of IIP 
in lbs. 

per 
squat e 
inch. 

M. 7 

90 

7 

One of 7 

4-73 

5-52 

1250 

7-22 

0-53 

0*3 

1150 

84*2 

M. 9 

130 

9 

One of 9 

4-73 

5-52 

1250 

6-63 

0*53 

0*5 

11 BO 

94*5 

251. 7 

200 

14 

Two of 7 

4-73 

5-r.2 

1250 

6'40 

0-53 

0-7 

1150 

93 3 

B. 9 

140 

9 

One of 9 

4’73 

.'i-92 

1250 

8'0 

0-63 

0-5 

1230 

95*0 

D. 9 

300 

9 

One of 9 

5*92 

8-27 

1200 

6 0 

0*48 

1 0 

1650 

97-2 

2D. 9 

600 

. 18 

Two of 9 

5-92 

8-27 

1200 

7-67 


2*0 

1660 

97-2 


Designs of a niue-cylindoied 200 li.H.?. and of an eighteen-cylindei-ed 400 B.H.P. 
engine are under consideration. The COO B. f I. P. engine was siiecially de.signed for airship 
propulsion. In addition to tlie above, engines having cast-iron cylindera, and suitable for 
general industrial purposo.s, are constructed of 60, 90, 130, and 220 B. ll.P. resiiectively. 

Theweiglitin lbs. per nominal B.H.P., including all accessories and also radiator 
and cooling water, is about 4| lbs. for all types. 

examination of fig. 35,* the crankshaft angle between consecutive 
impulses being —— — 77} . 

It has already been pointed out that in the ten-cylindered 
Anzani radial engine the two groups each of five cylinders act 
upon crank-pins at 180°, and work upon the four-stroke cycle; 
working impulses accordingly occur at equal angular intervals of 
2 X 360 

—=72° of crankshaft rotation, i.e. more frequently than with 

the above arrangement, though fewer cylinders are employed. 

The eighteen-cylindered 600 B.H.P. unit is in reality two 
separate nine-cylindered engines for use in large air-craft fitted 
with double propellers; the engines are connected together by a 
gear-box in such manner that either engine may, at will, drive 
either or both of the propellers; each engine, moreover, is a com¬ 
plete power unit, w^th its own radiator, pumps, magnetos, and 
carburettors.* The propellers are about 13 feet in diameter, and 

* For an illustrated account, see The Erufineer for 31st July 1914. 
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Fio. 86.—Firing order of the fourteen-cylinder Saluison engine. 


are arranged to rotate in opposite direction.s at 900 revolutions per 
minute. The weight of one of these 600 B.H.P. combinations is as 
follows:— 

Two engines, each 980 lbs. . . . 1960 lbs. 

One connecting gear-box .... 500 „ 

Two sets of radiators and gear . . 400 „ 

Total . . 2860 Ib-s. 

or ^^=4’8 lbs. per nominal B.H.P. 

600 

The Dudbridge Iron Works, Ltd., give the \feight—as mentioned 
in ihe Table—as about 4i lbs. per B.H.P. for all the Salmson types; 
this is a very low figure for a water-cooled design of engine. 
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Piston speed is medium, except in the case of the 300 and 600 ■ 
B.H.P. designs, where it attains the somewhat high value, for con¬ 
tinuous heavy-load running, of 1050 feet per minute; the revolu¬ 
tion speed is only 1200, but the stroke is unusually long, being, 
roundly, 8| inches. 

The values of t{p based on the nominal B.H.P. are somewhat 
higher than might have been anticipated from the valve setting. 

Actual tost of a seven-cylindered Salmson engine was made 
during July and Augu.st 1913 by a commission appointed by the 
French Automobile Club; the engine ran under test for 98 hours, 
the average speed being 1179 r.p.m., and average B.H.P. 82'3, 
while 0'53 lb. of petrol was consumed per B.H.P. hour. By 
Eq. (32), therefore, the value of rjp in this case was 81'5 lbs. per 
square inch, while by Eq. (41) the brake thermal efficiency was 
24 per cei't. The engine consumed 21 pints of lubricating oil per 
hour—a very satisfactory performance. 

A ten-hour test of a nine-cylinder 300 11.P. engine^ showed 
an average speed of 1150 revolutions per minute, an average out¬ 
put of 284 B.H.P., and a petrol consumption of only 0 48 lb. per 
B.H.P. hour. The corresponding value of tip is 96 lbs. per square 
inch, and the brake thermal efficiency 2ti'5 per cent. An over¬ 
load test of one hour’s duration showed an output of 322 B.H.P. 
at 1260 revolutions per minute, the petrol consumption per B.H.P. 
remaining practically unchanged. 

Balancing.—With reference to the balancing of single-throw, 
single-acting four-stroke radial engines in general, F. W. 
Lanchester observes: ^ “ The most satisfactory view to take of the 
balance of such a motor is that where the cylinders are sufficiently 
numerous the equal radial disposition of the pistons disposes with 
a sufficient degree of approximation of the secondary, or octave, 
inequality. . . . The energy content of the pistons as a whole is 
approximately constant, so that an engine of the radial type' is not 
liable to torque irregularity due to piston inertia. The main piston' 
motion can bo dealt with with sufficient accuracy by regarding 
the whole weight of the. pistons and connecting-rods as being 
concentrated as a rotary mass on the erank-pin, and balancing 
by an equivalent rotary counterweight on the crankshaft in the 
usual way.” 

* Figures supplied by the Dudbridge Iron Works, Ltd. 

• Ptoc. Imt. Auto. Ettg., vol. viii., “Engine Balancing." 
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Tliis is the motliod adopted in tlio Siilmson engines; the 
counterweiglit is siiown in fig. 29. 

Some other Radial Aero Engines. 

Among other aero engiiies of radial type may be mentioned;— 

The Farcot Engine. —'I'his air-cooled radial engine is arranged 
to work with the cylinder axes in a liorixontal plane, i.e. with the 
crankshaft axis vertical, the propeller being driven through a 
reducing bevel gearing. 

The R.E.P. Engine. —The earlier engines of M. Robert Polterie 
were of the fan type, which is not now used; the later engines 
are of the radial typo. The seven-cylindered 4'3d"x()’30" air¬ 
cooled motor develops, roundly, 90 RH.P. at 1100 revolutions per 
minute. In this engine the valves are operati'd by the method 
already described in connection with the Anzani radial engines; 
both valves of each cylinder are worked by one rocker, and the 
cam-disc take.s the form of a plate with a groove in its face in 
which run rollers attached to the sides of the valve tappet-rods; 
the plate rotates, of course, in the oppo.site direction to that of the 
crankshaft, and the groove is plus and minus ” a circle, so as to 
pu.sh and pull the rocker rod alternately, and thus successively 
open both the valves. The explosive mixture is supplied to the 
inlet valves by a series of pipes radiating fiom an annular chamber 
surrounding the roar part of the crank-case, somewhat as in the 
Anzani engine already de.scribed. 

The Albatross Engine. —Thi.s is an American air-cooled radial 
aero engine, having six cylinders in two groups each of three, 
operating on two crank-pins at 180°; all valves are mechanically 
operated. 

One inlet and one exhau.st cam operate all the valves, in the 
manner already described in the case of the six-cylinder Anzani 
engine. The cylinders are fitted with auxiliary exhaust ports 
• overrun by the pistons, as in the horizontal Darracq engine 
(see fig. 12). The mixture is supplied to the cyliudera from an 
annular chamber by means of a system of radiating inlet pipes, as 
in the Anzani engines. 

Aero engines of the radial type are not at present very numerous; 
the radial disposition gives a short engine vJith good balance, and 
permits of many cylinders, thus providing numerous working im¬ 
pulses at equal angular intervals of crankshaft revolution. 
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Cooling by air i.s, generally speaking, found somewhat unsatis¬ 
factory, while the water-cooling of radial engines effectively has 
given designers much trouble, though in the Salmson engine the 
difficulties appear to have been overcome. Perhaps the chief 
objection to be urged against the radial arrangement is that it 
opposes a good deal of area to the air-current, and thus increases 
head resistance, and also tends to obstruct the view of the pilot 
when—as is most commonly the case- the propeller and engine 
are fitted in the front of the aer<jplane. 



CHAPTER VI. 

DIAGONAL OR “VEE” AERO ENGINES. 

When the cylinders of an engine are arranged in two groups 
placed at an angle with one another, as in lig. 30, the engine is 
described as of “Diagonal” or “Vee” type; the two-c^dindercd 
Vee en<rino so largely used in motor cycles furnishc.s the simplest 
illustration of this type. 

Thus, if in fig. 36 there be two cylinders only, A and B, with 
axes making an angle a“ with one another, and jiistons both acting 
on one crank - pin, and 
cylinder A be supposed to 
fire, then it could be ar¬ 
ranged that B fired when 
the crank-pin P had turned 
through the angle a ; but 
in this case the impulses 
would oceur very irregu¬ 
larly, as A would not fire 
until the crank-pin had de¬ 
scribed a further (720—a)° 
of angle. Hence it is 
always provided that B shall fire (360-|-a)° of crankshaft angle 
’after A; and then it follows, for single-acting four-.stroke cycle 
cylinders, that A fires (360—o)“ after B; so that with two cylinders 
only the impulses oepur alternately at (360 -|- a) and (360 — «) degrees 
of crank-angle rotation. Obviously, in order that the working 
impulses may occur at equal intervals of crankshaft rotation, it is 
necessary to make « — 0, i.e. to place the two cylinders “ together,” 
in which case a working impulse occurs every revolution, but the 
balance of the engine is badsuch engines have occasionally been 
' *7 • 7. 
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used in car service, as, for example, by Messrs de Dion in their 
9 H.P. design. 

Next, let there be N cylinders in each of the two groups A and 
B, so that the total number of cylinders is 2N; the' engine is 
supposed to be single-acting, and of 'the foui-stroke type. The 
crankshaft having N throws, two pistons—one of each group—act 
upon each crank-pin. 

Then, considering group A (fig. 36), the working impulses occur 
720 

at angular intervals of ^ degrees of crankshaft revolution, as also 


do those of group B; hence, from the combined groups, impulses 
occur at angular intervals of -i i.e. degrees of crankshaft 
revolution. 

Those of group B occur a° later than those of group A; in order 
that the angular intervals may be equal throughout the cycle, it is 
clear, therefore, that we must have; 


360 


. (47) 


So that, for single-acting four-stroke Vee engines with two pistons 
acting on each crank-pin, the angle between the groups must be as 
given in the Table hereunder for equal angular intervals of crank¬ 
shaft rotation between working impulses;— 


Total No. 
of cylmdcrs. 
•iN. 

No. of 
cylimlcrs 
in oaeh 
group. N. 

No. of 
throws in 
crankshaft. 

a in 

degrees. 

2 

1 

1 

3G0 

4 

2 

2 

180 

6 

3 

3 

120 

8 

4 

4 

90 

12 

6 

6 

60 

16 

8 

8 

45 


The case of two cylinders has been already discussed'; with 
four cylinders and a two-throw crankshaft, for equal angular 
intervals the cylinder groups must be opposite one another, and we 
thus reproduce the base illustrated in fig. 11, B {mpra). 

Six-cylindered Vee aero engines are not common, but have 
^ Ab ft»360 gives the same arrangement as as:0. 
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been constructed by Messrs Simms and the AU British Engine Co. 
(“ A.B.C.”). The eight-cylindered Vee is the preponderating type; a 
few makers, e.g. Messrs Antoinette, “ A.B.C.,” and Renault, build also 
twelve- and sixteen-cylindered designs, but these are rarely seen. 

Excepting only the Renault, De Dion, and Pipe Co.’s designs, it 
may be said that the Vee-type aero engines are almost always 
water-cooled; Me-ssrs Renault have developed a method of air-cool¬ 
ing by fan which is referred to later. The Vee-type lends itself 
very conveniently to water-cooling, and although the balance of 
the prevailing eight-cylindered design is not quite so good as that 
of the multi-cylindered radial engine, yet the Vee engine is short 
and compact, otfering little head resistance and view obstruction, 
and appears likely to be much used in the future in air service. 

As a typical c.ase of a Vee-type aero engine the British-built 
eight-cylindered, water-cooled design of the Wolseley Co. has been 
selected. I’he Wolseley Co. has devoted attention to the design of 
aero engines since 1907, though at first more in connection with 
the propulsion of dirigibles than of aeroplanes; their first design 
appeared in 1908, and was of the normal four-cylindered vertical 
car type, rated at 30 horse-power and of 3f" bore and 5J" stroke. 
This soon proved unsuitable, and of in.4jflicient power, and was 
quickly followed by an eight-cylindered Vee engine of 3|" bore and 
5" stroke, rated at 50 horse-power; in this engine the propeller was 
driven from the half-speed shaft, as is not infrequently still done. 
The rapid increase in the size and power requirements of dirigiblss 
soon noccs,sitated the provision of engines of greater output, and so, 
after producing three further designs of eight-cylindered 60 horse¬ 
power Vee engine, they evolved their very successful 5"x 7", eight- 
cylindered, 120 horse-power design, of which a description is given 
later in this chapter. 

The Table below summari,ses the leading particulars of the 
Wolseley aero engines, and indicates their progress in increase of 
power and reduction in weight per B.H.P.; the piston speed is 
somewhat low in the first five cases, but in No. 6 is about equal to 
that of the present long-lived touring-car engine; the values of rg> 
are decidedly low, while the petrol consumption, even in the case 
of No. 6, is rather higher than is frequently found in more recent 
tests. It must be said, however, that the 'ftible includes only 
engines up to the end of 1912, and that later designs have achieved 
better results. 
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The ratio of Uio rated to the maximum horse-power for Nos. 4, „ 
5, and 0 averag(« about 0 8, a value commonly found in car service, 
and which experience shows does not harass the engine in long- 
run periods. 


Leadino Partioitlars of the Womkt.ey Co.’s Aeho Engines. 
Period 1907-1912. 


No. 

■I'yiw. 

No. 

of 

cylin¬ 

ders. 

lutre 

Ul 

inches. 

Stroke 

in 

tncliec. 

Normal 

Itevs. 

]>er 

niiu. 

Speed. 

ristoii 

speed 

in 

ft./min. 

Rated 

at 

normal 

speed. 

Welicht 
in lbs 
per 

normal 

B.U.P. 

1 Lu)in* 
Petrol, : eating 
il>» pel, oil, 
H.n.F. ‘gullons 
hour. per 

hour. 

■up at 
noi'inal 
out]nit, 
ll)> per 
square 
inch. 

Milxi- 

inniu 

KH.P. 

for 

short 

peiiods. 

Jlevs. 

per 

min at 
maxU 
mum 

B H.P. 

Value 

Ofijp 

at 

inaxf* 

mum 

Ji.H.P. 

1 

Cur, 

4 


f'l 

noo 

1007 

30 

7-0 

... i ... 

8!) 

3.6-3 

1420 

81-4 

2 

V 

8 

3i 

5 

1360 

112G 

50 

8 0 

0726 0*28 

66‘5 

HO 4 

1360 

79-6 

3 

V 

8 

3',' 


I2U0 

1100 

60 

6*1 


81 5 

7.6 



i 

V 

8 

37 

•'■>1 

1150 

10.65 

6U 

4-9 


85*2 

8.6 

1800 

77-1 

f» 

V 

S 

•H 

6* 

1160 

1056 

60 

5 3 


86-2 

86 

1800 

77,-l 

6 

V 

8 

f. 

7 

1160 

1340 

120 

5-8 

0 676 1-5 

75-4 

147 

1400 

75-6 


The weij;lit of No. 1 is exclusive of the flywheel. No. 3 was lilted with a flywheel 
weigliiiig 15 lbs. ; this is included in the stated weight. 


The 12G H.P. Wolseley Aero Engine.—An external view is 
given in fig. 37 of the eight-cylindered, 120 H.P., water-cooled 
aero engine of the Wolseley Co., of Birmingham; the cylinders 
arc in two groups each of four, and are placed mutually at 90°, 
so that working impulses occur at equidistant angular intervals 
of 90° of crankshaft rotation, as already explained. The angular 
space between the cylinder groups is utilised to accommodate 
the carburettor, ignition magneto, wiring, inlet piping, and valvc- 
oporating gear; in the front of the illustration will be seen the 
water and oil pumps and the housed gearing by which the magneto 
Js driven; tlie exhaust manifolds are also dearly shown. The 
compactness of the Vee type of engine, while at the same time the . 
valves and valve-gear, magneto, carburettor, and pumps remain 
readily accessible, will be appreciated from this view; it may 
noted also that by removing the light bottom cover of the crank¬ 
case the big ends and main bearings may be examined and adjusted 
without further dismantling the engine. 

A transverse section through one of the cylinders, showing also 
the crankshaft and valve drive of the 1912 design, appears in 
fig. 38. while a longitudinal section of part of the crank-case is 
given in fig. 39. 
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The Crankshaft .—This is constructed of Vickers nickel-chrome 
steel, with four throws all in one plane, as in the normal four- 
cylinder car engine. The crank.shaft is borne in throe white-metallod 
bearings, that on the left (fig. 39) being about 5-35" in length ; the 
central bearing is about 4-04", and the third about 3-9", so that the 



fio. 37.—External view of oight-cylinder 120 H.P. Wolseley engine. 


total length of main bearing is about 13J". In the bearings the 
crankshaft is 2'38" in outside diameter, with a hole I'S" diameter 
bored through it; the crank-pins are slightly greater in diameter 
than the shaft, viz. 2-45", with a V63" diameter hole through them, 
and are 4'6" long between the crank-cheeks, in ftrder to accommodate 
two connecting-rod big ends each, as shown in fig. 39. 

Thus the crankshaft in the main bearings is reaUy a tvhe of 
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l)ig}i-(|uality steel, of thickness only 0'29". If D be the outside 
diameter of the shaft in inches, and h that of the hole through it, 
then the torsional strength of the shaft is proportional to the 

value of ——; it will be observed that if A=0 we get the case of 


a solid shaft, and that its torsional strength is proportional to the 
mhe of its diameter. Now let A denote the diameter of a solid 
shaft of e()ual torsional strength to the hollow shaft; then A must 
be found from the equation: 


A»= 


■ D “ 


. .(48) 


In this case D = 2'38 and A = 1’8, whence it will be found that 
A = 2'1 inches; that is, a solid shaft 2'1" in diameter would have 
the same torsional strength as the hollow shaft adopted. 

Observe, however, that the c<iuivalent solid shaft has a cross- 
sectional area of 3 46 S(iuarc inches, whereas that of the actual 
hollow shaft is but 1'91 scpiaro inches; thus the hollow-shaft is 
only about one-half as heavy as the equivalent solid. 

Crankshaft diameter must be considered from the point of view 
of stifiiiess as well as from that of torsional strength, and it may 
easily happen where the .shaft is borne in few bearings—as, e.ff., in 
the 26 H.P. eight-cylindcred Vee-type Do Dion car engine, where 
there are but two main bearings—con,sideration3 of stiffness call 
for a shaft diameter in excess of that required for torsion alone. 

The stiffness of beams is measured by the ratio of the deflection 
to the span; in the comparison here instituted it is ea.sily shown 
that the stiffness of the hollow shaft is to that of the equivalent 
A< 

solid shaft in the ratio which has here the value of, roundly, 

0'9, so that a hollow shaft is somewhat less rigid than the torsion- 
ally equivalent solid shaft. 

The rules of Lloyd’s Register for marine internal-combustion 
engines require that the crankshaft diameter in inches shall be 
deduced from the formula : 

■ A=c^rf2s.(49) 

where d and s are re.spoctively the cylinder boWj and stroke, both 
in inches, and c is a con.stant. For four-cylinder engines of four- 
stroke cycle, and in designs—as in this—where there are two 
' It may be noted that, from Eq. (48), this is equal to p, and is thus always 
less than unity. 



DIAGONAL OR “VBE” AERO ENGINES. 103 

cranks between each pair of main bearings, the value adopted for 
0 is 0’38. It is of interest to ascertain the value of c implied iti 
Eq. (49) in the case of this Wolseley aero engine; thus we have 
A=2‘1, (f = 5, and s = 7; bonce we get c =0’375, which is in practical 
agreement with the above value. 

Gonnecting-rodfi. — The connecting-rods are of oil-hardened 
Vickers nickel-chrome steel; the shanks are plain circular tubes of 
uniform thickness and diameter, 1-3" outside and 11" inside; the 
details are clearly indicated in figs. 38 and 39, B B. The length 
between centres is about 11"; the ratio of this to the stroke length 
is only I'd, as compared with the 2'25 usual in car engines, so that 
the obliquity of the rods is increased. The big-end bearings are 
of bronze, and the bearing caps are attached by two A" big-end 
bolts with thin “cheese” heads and a single, pinned, castle nut; 
each bolt has a lightening hole drilled down it to a depth of 1^" 
from the head. Eacih big-end bearing is 2-45" diametel and 2'2!>" 
long, so that its “projected area” is 5| square inches, and the 
intensity of bearing pressure due to an explosiofa prea.sure of 300 
lbs. per square inch is 1070 lbs. per square inch; this is a satis¬ 
factorily low value, the figure for car engines being commonly 
about 1.500. The gudgeon pins are hollow steel tubes IJ" outside 
diameter and about inch internal diameter; the bearing is of 
bronze, and the intensity of bearing pressure due to an explosion 
pressure as above, is about 1600 lbs. per square inch of projected 
area; as the value in car engines is usually from 2600 to 3000 lbs. 
per square inch, the figure here also is satisfactory. 

Pistons .—The pistons C C (fig. 38) are of drawn steel, machined 
and ground to gauge; the crowns are slightly coned, in thickness, 
and are furnished with two cooling and strengthening rings on 
their lower surface; the cylindrical portion of the piston has a 
general thickness of only and is 4|" long, i.e. only about 0'9 
of the cylinder bore. 

There are four spring rings, the upper two being of cast-iron, 
each about f" wide, while the lower two are of phosphor bronze, 
j-V' and 1" in width respectively, the wider ring being placed in 
the lower portion or “ skirt ” of the piston, below the gudgeon pin. 

The axis of the gudgeon pin is only 1^' from the lower edge 
of the piston, and not half way up, as wo^ld appear preferable, 
in order to distribute more uniformly the connecting-rod thrust; 
lightening holes, as shown, are made in the gudgeon zone, while 
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just above the gudgeon bearing a liglit diaphragm is fitted, appar¬ 
ently for the purpose of preventing oil thrown from the crank- 
cheeks from impinging directly upon the heated lower .surface of 
the piston crowns, and thus becoming carbonised. 

Cylinders ,—The working barrels 1) D are of high-carbon steel, 
machined and finally ground to a finished bore of 5" and thickne.s8 
of only 

The exceedingly strong and tough steel alloys which depend 
for their special qualities upon very careful heat treatment are 
not u.sed for the working barrels of cylinders, as a chance over¬ 
heating during running might easily ruin them. Notwithstanding 
their extreme thinness, the working barrels are not really highly 
.stressed by the explosions; the maximum explosion pressure is 
commonly about 300 lbs. per square inch, and the corresponding 

bursting stress is accordingly only -'-—— =12,000 lb.s. per .square 


inch, which is no greater than that ordinarilyijsfeed with mild steel 
subjected to a varying load of one kind (in this case, tension) 
only. The chief difficulty experienced with these very thin barrels 
arises from the distortion to which they arc liable owing to 
irregular heating during working; to reduce the chance of this 
as much as possible, they are always made as nearly as po.ssible 
of simple cylindrical form, free from bosses and side pockets; 
largely due to this is the almost universal practice of locating the 
valves in the combustion head, although this involves increased 
complexity and weight' in the valve-actuating mechanism. In 
the selection of the steel for the working barrels, the chief con¬ 
sideration is that the quality chosen shall bo such as experience 
has shown forms a smooth, h.ard, and bright surface in working. 

At the lower end of the working barrel a flange is left by 
which it is attached to the crank-case by studs and nuts, as shown 
at Z, fig. 38; at the upper end the thickness is increased to about 
I" for a short distance, and the barrel is then contracted to a bore 
of 4J", and screwed with a fine thread, by means of which the cast- 
iron combustion head EE is attached; this combu.stion head is 
water-jacketed as indicated, and carries the exhaust and inlet 
valves, ignition plug, and the fulcrum of the rocking lever of the 
valve-gear; the ruling thickness of the casting is to J". 

The water-jackets are of spun aluminium sheet, attached at 
their upper ends to the combustion heads by closely pitched button- 
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headed screws, as sliown in fig. 38; a watertight expansion joint 
is provided at the junction with the working barrel at the lower 
end by means of a ring of “ Dermatine,” thus enabling the working 
barrels to expand freely without re.straint from the jackets. 

The cooling water enters at the bottom of tlie jacket from the 
pipe G, and leaves at the very topmo.st point through a passage 
H in the hollow column supporting the fulcrum of the valve 
rocker; the formation of air- or .steam-pockets is thus practically 
impossible. The cooling water is pump-circulated. It will bo 
noted that the valve seats are both well water-cooled; this is 
especially of importance in the case of the exhaust valve, and the 
seating in this design is formed in the combustion head casting 
itself; the ruling width of the cooling water space is about -j-V". 

In 1!)13 the Wolseley Co. produced two designs of Veo engine, 
namely, a 75 H.P. 3|"x6f", and a 90 IIP. 4"x5^", in which 
only the exhaust valves were water-cooled, the remaining part of 
the engine being air-cooled ; in thc.se engines the weight perB.H.P. 
was, roundly, 5 lbs.; the object of the reduced water-cooling was, 
of course, to save weight of water, jackets, radiators, etc., and at 
the same time obtain an engine capable of running for long periods 
without overheating. In their later practice, however, as illustrated 
in fig. 37, they have reverted to complete water-cooling again. 

Crank-cuKe .—The upper part of the crank-case in which the 
cylinders stand and in which the main bearings are carried is a 
substantial casting of aluminium, the general.features of which are 
shown clearly in figs. 37, 38, and 39 ; the lower cover is of thin .steel 
plate, easily removed, and giving immediate access to the main 
bearings and big ends. 

Lubrication is forced to the main bearings and big ends; the 
gudgeons, pistons, camshaft, etc., depend upon the “ splash.” 

The manner in which the oil is convoyed along the hollow 
crankshaft is indicated clearly in fig. 39; it will be noted that in 
, each crank-pin and main bearing a radial hole is drilled in the 
crankshaft, which is an undesirable practice; in the central main 
bearing there are even shown true radial holes drilled in the same 
transverse plane! 

Two oil-pumps are fitted; one of these draws from an external 
reservoir and delivers to the main bearings,* and thence via the 
hollow crankshaft to the several crank-pins; the exuding oil is 
whirled oft' from the crank-cheeks, thus lubricating the camshaft,^ 
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pistons, etc.; the excess finally collects in a su_ .j. ___ 

the crank-case, from which the second pump delivers it back to the 
external reservoir. The u.so of an external oil reservoir allows the 
oil to become cooled and thus renders the lubrication more effective; 
the avoidance of overheating the lubricant is an important point 
in the heavily worked engines of air-craft. 

Garhuration. —The carburcttoi- is shown in .section in fig. 40, 
and comprises a single spraying nozzle A, with annular float B and 
choke-tube Q (see also tig. 38) I the annular float renders the level 
of the petrol in the nozzle independent of small inclinations of the 
engine. The cylinder suction causes a rush of air through Q, 
which takes up petrol spray from the nozzle A, forming a rich 
mixture in the chamber C; this mixing chamber is exhaust- or 
hot-water-jacketed as shown, so as to assist in vaporising the 
petrol. The rich mixture is diluted by additional air supplied 
through the light adjustable spring-loaded automatic air-valve D 
by way of the pas.sago E, which communicates with the crank-case, 
so that the additional air supply is warmed and, contrariwise, the 
crank-case cooled, by the resulting circulation through it; fresh, 
cold air can also be admitted at will in any desired quantity by 
means of the movable slotted sleeve 0 (fig. 38); thus the volume, 
temperature, and quality of the mixture are very completely 
adjustable. The warm oil-misty air from the crank-case is 
delivered to the carburettor under slight pressure by an air-pump 
driven by the engine, thus ensuring an adequate supply when at 
high altitudes. F is a “ dash-pot ” disc attached to the spindle of 
the air-valve 1) in order to damp out any rapid motions in the valve 
during running. 

The mixture passes from the hot-jacketed chamber C through 
the hand-regulated sliding throttle valve H, and by way of the 
passages J J to the inlet piping K and thence to the several 
cylinders; a notch L in the edge of the throttle prevents the 
mixture from being completely cut off, and provides the cylinders * 
with a small quantity of rich mixture when the throttle is closed, 
sufficient to keep the engine slowly “ ticking ro^nd ” when running 
light; a drip trough P placed below the float chamber intercepts 
any petrol that may inadvertently leak. It will be seen that the 
arrangements provicled, enabling the pilot to adjust the quality 
and quantity of the mixture while running, are very complete in 
this design. 



DIAGONAL OR “VEE” AERO ENGINES. 


107- 


Ignition .—Ignition is on tlie Bosch “ dual ” method, which pro¬ 
vides a coil and accumulators for starting and as a stand-by, and 
a high-tension magneto for normal running. The magneto— 
shown in fig. 37 —is of the shield type, giving four sparks per 
revolution; as the engine also requires four sparks per crank¬ 
shaft revolution, shield and crankshaft are geared to run at equal 
revolution rates. 

Gamshaft .—The camshaft is shown clearly in figs. 38 and 39, 
at R R, and is a hardened steel tube with an external diameter of 
I'3" and internal of 0'9"; it is in two pieces, connected by a 
flanged coupling as shown. The valve cams, eight in number, are 
each wide, and are formed in one with the shaft, and accurately 
ground to the desired form. The camshaft is driven at half-speed 
from the crankshaft by cut-steel gear wheels, and is wholly 
enclosed within the crank-case. 

Valves .—The valves, fig. 38, are of nickel steel; the cone seated 
exhaust valve W is 2'3" in diameter in the tliroat, with a stem 
0'39" diameter; the valve seat is formed in the combustion head 
casting, and the exhaust gases pass very directly away from the 
cylinder through the exit X. The valve stem is rather long, viz. 
5", and terminates in a screwed adjusoing cap and lock-nut; the 
valve is hold to its seat by the helical spring shown, which bears 
against a dished washer attached to the stem; the valve head is 
of light section, and connected with the spindle by a fillet of large 
radius; the valve seat and stem guide are both effectively 
water-jacketed. 

The inlet valve is flat-seated, 2-3" in diameter in the throat, and 
is carried in a separate cast cage attached to the combustion head 
casting by a screwed nut as shown in fig. 38; the cage and con¬ 
tained valve can thus be readily removed, and through the same 
hole the exhaust valve can be withdrawn for examination or 
replacement. The stem of the inlet valve is also rather long, and 
the spring washer apparently somewhat massive; at the top of the 
stem a screwed adjusting cap and lock-nut are provided as in the 
exhaust valve. 

The inlet valve guide is 0-G2" diameter, so that the net cross- 
sectional area for inflow of mixture is 3-5 square inches, as three 
webs, each thick, support the guide at its lower end. 

If a denote the net cross-sectional area through the valve, in 
square inches, A that of the piston, and <r the piston speed in feet 
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per minute, then the moan velocity of gas, v, through the valve, 
in feet per minute, is clearly given by the relation: 



Here A —]9'6; a = .3'5; and (r = 1340: honeo v = 7500 feet per 
minute, roundly. In recent car engine.? v is commonly from 0500 
to 7000 feet per minute. 

AcUuituya of Valves .—In the design .shown in Og., 38 tvith inlet 
and oxhau.st valvc.s are ingeniously operated hy one cam, rod, and 
rocker; the rod is a “ push-rod ” for the exhaust and a “ pull-rod ” 
for the inlet; the valves themselves are held on their seats by the 
usual helical spiings. In the case of the exhaust valve, when the 
“plus” part of the earn comes into contact with the roller the upper 
end of the rocker U is pushed upwards and the lower end depressed, 
thus opetring the valve. When the “minus” jjart of the cam 
makes contact wdth the rocker the helical spring housed in the box 
S surrounding the tappet guidr? pulLs down the rod and upper half 
of the rocker and thus opens the inlet valve. This arrangement 
evidently saves weight and mechanism and is still used by some 
other makers, as, e.g. Messrs Panhard ; it will be observed, however, 
that the spring in the box'S has to overcome (1) the re.si.stance of 
the inlet valve spring; (2) the inertia of the tappet, pu.sh-rod, rocker, 
and valve; and (3) the friction of the mechanism. In this case the 
mass is evidently relatively considerable, and it has in consequence 
been found difficult to ensure that the roller shall maintain contact 
with the “ minus ” part of the cam at engine speeds e.xceeding about 
'1200 revolutions per minute; accordingly in their later designs the 
Wolselcy Company actuate each valve independently by its own 
cam, push-rod, and rocker, as indicated in fig. 37, which illustrates 
the 1913 de,sign. 

Trial Remits.—Tom 120 H.P. eight-cylindered 6" x 7" engines 
of the design as illustrated in figs. 38 and 39 were built for the 
Italian Government for the propulsion of dirigibles; before accept¬ 
ance, each of these was re(iuired to undergo sati,sfactorily the 
following tests:— 

1. A run of 18 consecutive hours’ duration at a speed of 
1150 r.p.in., immediately followed by:— 

2. A run of 30 minutes at 1250 r.p.m. and 

3. A run of four hours at 1000 r.p.m. with the engine inclined 
28“ to the vertical in any direction. 
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Fig 39.—Sectional view showing crankshaft and camshaft of Wolseley engine. 
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From Eq. 38 (supra) the mean torque corresponding to 122'6 
B.H.P. at 1150 revs, per minute is 560 Ib.-feet, i.e. 6720 lb.-inches; 
in eight-cylinder Vee engines of this kind examination shows that 
the maximum torque per cycle is about times the mean torque, 
so that the maximum cyclic torque may be taken here as T=10,080 



Fib. 40.—Carburettor of Wolscley engine. 


Ib.-inches. Now if / denote the maximum shearing stress in the 
crapkshaft due to the torque T, then for hollow crankshafts as this 
we have: 


, J6DT 


lbs. per square inch . 


(51) 


and on substituting for T, D, and h their values, in this case we 
obtain: 


/=5660 lbs. per square inch. 
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The steel here employed is, of course, of special strength and 
toughness; according to Professor Unwin,’ the ordinary working 
stress of mild steel in torsion under a varying load producing stress 
in one direction only is 5400 lbs. per square inch ; it thus appears 
that tins crankshaft is not at all heavily stressed in normal working. 

The petrol consumption during this tost averaged 0’58 lb. 
per B.H.P. hour, the corresponding brake thermal efficiency from 
Eq. (41) being, roundly, 22 per cent. The oil used amounted to 
P53 gallons per hour, a reasonably good figure for an engine of 
this power on a prolonged full-load run. 

A subsequent test of one of those engines showed that at 800 
revolutions per minute the B.H.P. was 99, while when the speed 
was increased to 1400 revolutions per minute the power output 
rose to 147 B.H.P.; a speed of 1400 revolutions per minute corre¬ 
sponds to the somewhat high piston speed of 1633 foot per minute. 

The value of tjp was well maintained, being nearly tlie same as 
at normal speed, thus indicating the adequacy in size 'of the car¬ 
burettor, valves, and piping. 

In these tests the cooling water for the cylinder jackets was 
pump-circulated from a largo cooling tank; the inlet temperature 
at the engine averaged 46'5° F. and the* outlet temperature 122° F.; 
the engine was thus run much cooler than is usual in car-engine 
practice. 

The Dorman Engine. —Messrs Dorman & Company of Stafford 
have produced eiglit-cylindered Veo-type aero engines; an illufitra- 
tion of their 80 H.P. design is given in fig. 41. 

The general arrangement is similar to that of the engine just 
described, the cylinders being gi-ouped in fours mutually at 90°, 
while the eight pistons actuate a four-throw crankshaft, each 
crank-pin taking two connecting-rod ends. The bore and stroke 
were 4 and 4'75 inches respectively, with a normal speed of 1300 
revolutions per minute, corresponding to the moderate piston speed 
of only 1030 feet per minute. Eighty B.H.P. at 1300 revolutions 
per minute implies from Eq. (32) the rather high value for tip, of 
102 lbs. per square inch. 

The cylinders in this design were of cast-iron in one piece, and 
were attached to the crank-case by flanged joints each having six 
bolts and nuts; the jacket walls were of seamless spun corrugated 
thin copper, watertightness at top and bottom being secured by 
' Machine Desigrtj 11th ed., vol. i. p. 43. 
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slirunk-on steel bands. The water-cooling extended only to the 
working barrels of the cylinders, the valve seats, formed in the 
combustion head, being unjacketod. 

Ordinarily, the cxhau.st valve being the hottest part of the 
engine, its seat and frequently also its stem guide are very care- 
ully water-cooled, in the Dorman engine, however, there were 
auxiliary e.xhaust ports in the lower part of the cylinder barrels 



iiQ, 41.—Diagram of Dorman Vee engine. 


overrun by the pistons-as in the horizontal Darracq aero engine 
already descnbed,-through which the major part of the exhaust 
gases were permitted to escape; these auxiliary exhaust ports 
remained open during the last f of the down-stroke and first of 
the returiL ^ 


The device of the^auxiliary exhaust port was tried in a number 
of ear y designs of aero engines, but has not survived in practice; 
If the holes were uncovered by the lower edge of the piston when 
near the top of its stroke considerable loss of lubricating oil from 
the crank-case was found to occur; the auxiliary ports were also 



.^I^uentiy found to " upset the mixture ” supplied to the engine,* 
iwd thus to cause defective running. In the Dorman engines the 
pistons were made so, long that their lower edges did not overrun 
the auxiliary .exhaust ports. The gases discharged from these 
ports passed into a belt surrounding the cylinder, the several belts 
being connected up, and the gases thus ultimately released into the 
atmosphere at a desired point. Both inlet and exhaust valves were 
flat-seated, with a diameter in the throat of 2f" and a lift of iVl 
they were of nickel steel, and each valve was carried in a cage of 
case-hardened Ubas steel screwed into the cast-iron combustion 
head of the cylinder. 

The flat-topped pistons were of cast-iron, 4" in diameter and 
5" in length, each with three sprhig rings. 

The cylinders in this engine were exactly vie-ob-vis, opposite 
cylinders actuating the same crank-pin; one piston of.each pair 
was fitted with two slender connecting-rods working one on each 
side of the single central rod of the other piston. 

The four-throw tubular crankshaft was of Jessop’s nickel- 
chrome steel and was borne in five white-metalled bearings; 
there was also a large ball thrust bearing immediately behind the 
propeller flange; in four of the main bearings the crankshaft was 
IJ" in diameter with a 1" hole through it, while in the fifth, viz. 
that nearest the propeller, the shaft was 2" in diameter with a If" 
diameter hole. 

For the shaft in this fifth bearing we have from Eq. (48) 
A = 1‘838 inches, whence the value of the constant in Eq. (49) is 
here; 

C=0-434. 

For eight-cylindered, single-acting, four-stroke cycle engines, where 
there are two cranks between each pair of bearings, Lloyd’s rules 
for marine explosion engines require a value of 0 = 0-425; in this 
design it has evidently been considered that the two pistons acting 
on one long crank-pin constitute two cranks at 0°, and even so the 
crankshaft appears as of ample strength for its duty. • 

Into the part of the crankshaft drilled with a 1" hole light 
tubes of I" in external diameter, with their §nds expanded, were 
spun; the annular space of in width all round was utilised to,, 
carry the lubricating oil pumped. under pressure to the main 
bearings, while cold air was enabled to pass through the tubes and 
ihus help to cool the oil and bearings. 
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A gauze-covered bell-mouthed orifice was formed'in the bottoOl'; 
portion of the crank-case, while to the upper portion a connection 
was made with the carburettor inlet; thus the air used by the 
jylinders was drawn through the crank-case, cooling tlie oil and 
moving parts, and becoming itself warmed and thus assisting the 
vaporisation of the petrol. It has already been .stated that in the 
Wolseley engine the air is drawn in great part through the crank¬ 
case with a similar object. 

The Dorman engine was fitted with a light flywheel of Jessop 
steel; in the design illustrated in fig. 41 the diameter of the wheel 
was 14", with a rim IJ" wide and deep. 

Both inlet and cxhau.st valves of each cylinder wei’e operated 
by a single plus-and-minus cam, tappet, pu.sh-rod, and rocker, as 
already described in connection with the Wolseley engine. The 
weight of^ the 80 H.P. engine complete with flywheel and all 
immediate accessories was about 375 lbs.; the radiator, piping, and 
contained water weighed a further 75 lbs.: total 450 lbs.; this 
corresponds to 5’6 lbs. per rated brake horse-power. 

The Sunbeam Engine.—Another notable British aero engine 
of Vee-type is the eight-cylindered 160 H.P. water-cooled product 
of the Sunbeam Motor Car Co., Ltd., of Wolverliampton. In its 
general arrangement of parts this engine resembles those above 
described; the bore is 3’54'' and stroke 5'92", and normal speed 
2000 revolutions per minute, corresponding to the high piston 
speed of 1973 feet per minute. The nose piece of the engine 
carries a 2:1 reduction gear, the geared-down shaft running in 
two massive ball bearings; the propeller speed is thus only 1000 
revolutions per minute. 

The cylinders are of cast-iron, each group of four being cast 
in one piece; the jackets are of electrolytically depo.sited copper. 
Each group of cylinders is supplied with mixture by a Claudet- 
Hobson carburettor; the petrol consumption at full load is stated 
to be 0'54 lb. per B.H.P. hour. 

• The Sunbeam Company also build similar twelve-cylindered 
engines developing 225 brake horse-power at 2000 revolntionsr 
per minute. The Sunbeam engines weigh, approximately, only 
3J lbs. per nominal brake horse-power, exclusive of radiators, piping, 
and water; they are thus very light. 

The Renault Vee Engines.—Air-cooled Vee engines for air¬ 
craft are rare, but Messrs Renault have for several years produced a. 
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genes oi such engines, comprising designs of 40, 50, and 70 hor.se 
power respectively, each with eight cylinders, the two groups o 
four being mutually at 90°, and a 90 horse-power design with 
twelve cylinders in two groups of six mutually at 60°, agreeably 
with Eq. (47) (supra). A line view of one of the eight-cylinder 
engines appears in fig. 42. 

The cylinders, furnished with numerous cooling fins, are of cast- 
iron with separate, cast, combustion heads, the two being held 
together and to the aluminium alloy crank-case by a cruciform 
yoke and four lotig bolts as shown; the pistons are of cast steel 
with cast-iron spring rings. 

The valves are situated on the inner side of the combustion 
heads, with the exhaust above the inlet; the inlets are directly 
actuated by cam and tappet in the usual manner, while for 
the exhausts “overhead gear,” including push-rods and. rockers, 
is used. 

The air-stream by which the cylinders are cooled is created by 
an encased centrifugal fan of relatively large diameter, mounted 
on the end of the crankshaft; air is delivered by this fan into an 
enclosed space AAA between the cylinders, and escapes between 
the cooling fins. 

Though effective, this large fan and bulky casing considerably 
increase the size of the engine, and must also add materially to the 
weight and diminish the effective power; in fact, the weight per 
nominal B.H.P., as given in the Table below, is notably high for an 
engine of air-cooled type, and actually exceeds that of most of the 
best-known water-cooled Vee aero engines; thus it is not clear 
what advantage is gained, as, coeteris paribus, a water-cooled is 
usually more efficient, and is certainly more durable, than an air¬ 
cooled engine; nevertheless the Renault air-cooled Vee engines 
have yielded good results in actual service, and have been somewhat 
largely used in England. 

The four-throw steel crankshaft is borne in five bearings, of 
which the outer two are of the ball type, and the inner three while 
ibetal in bronze. It has been mentioned already that in the Anzani 
engines also a combination of plain and ball 4)eariDg8 is adopted, 
with the object of damping out vibrations, otherwise liable to occur 
at high speeds. 

The lubrication is not forced; an oil-pump of the gear-wheel 
type delivers oil from the crank-case sump to a gauze-bottomed 











jpi^oer above; -from which the oil gravitates along suitable' 
^Ooves formed within the crank-case to the various bearings, 
»nd into hollow rings on the- crank-cheeks, whence the centrifugal 
action causes it to pass to the crank-pins; the exudation whirled 
■from the big ends generally lubricates all other moving parts; 
the whole lubricating system is within the crank-case, and there 
are no external oil-pipes. SuflRcient oil is contained in the sump 
for several hours’ running; for exceptionally long runs an auxiliary 
tank is carried, which is connected up to the sump. 

Ignition in the eight-cylinder designs is effected by a shield 
magneto giving four sparks per revolution of the shield, which 
is accordingly driven at crankshaft speed; in the twelve-cylinder 
engine, in order to keep the magneto speed from becoming excessive, 
two machines of the ordinary revolving armature two-spark type, 
carefully synchronised, are fitted, each supplying six cylinders. 
As six igniting sparks are required from each magneto per two 
crank.sh&ft revolutions, the magnetos are driven at|, i.e. 1-J times 
the crankshaft speed, and are thus run normally at 2700 revolu¬ 
tions per minute. The carburettor E is of the iloat-fed type, fitted 
with an adjustable heating arrangement to ensure correct vapor¬ 
isation in damp and cold weather; the air is supplied through 
a conical trunk B and pipe D; the engine exhaust pipes are 
passed through this trunk, as shown at 0, and thus warm the 


, ingoing air. 

The engine is attached to the frame of the aeroplane by means 
of two steel tubes K K, passing through the crank-case as shown 
in fig. 42. 

The normal speed of the engine is 1800 revolutions per minute, 
but the propeller is mounted upon a prolongation, H, of the cam¬ 
shaft, this and its driving gear being made sufiiciently stout to 
transmit safely the power of the engine. The normal propeller 
speed is accordingly only 900 revolutions per minute, which 
permits the use of a propeller of large diameter and high efficiency; 
on the other hand, the engine weight is somewhat increased by the 
heavier camshaft and gear involved, and there is a loss, probably 
bf the order of 5 per cent., in the effective pq,wer due to the gear 
transmission; accordingly it is questionable whether there is any 
real advantage derived from this arrangement bf the drive. 
s „ The Table hereunder gives some leading particulars of the air- 
^^led Vee-type Renault aero engines of 1914:— 
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LEADtNG PaIITICULARS OP THE VeE-TYPE Alll-COOLED llKNAtJLT 
Aero Engines op 1914. 



The piston speed appears rather higli for continuous heavy- ' 
load running, particularly in the 70 and 100 horse-power designs; 
the values of r(p from Eq. 32 are very low, no doubt on account of 
low volumetric eflSciency due to the high speed and air-cooling; for 
the three types most largely used the average value is, roundly, only 
60 lbs. per square inch ; values of 90 to 100 lbs. per square ’inch, 
or even higher, are not uncommonly attained in many instances. 

Messrs De Dion, so long famous for their high-speed motors, 
also build an oiglit-cylihdered 3-94''x 4-73" air-cooled Vee aero 
engine of 80 B.H.P., running normally at 1700 revolutions per 
minute, with the propeller carried on the camshaft and accordingly 
running at only 850 r.p.ra. The weight of this engine is 484 lbs., 
so that the weight per nominal B.H.P. has the high value of 
6-05 lbs. 

Messrs Panhard & Levassor build aero engines of both 
vertical and Vee type. Their 100 horse-power eight-cylindered 
4-33'' X 5-52" water-cooled design is illustrated in fig. 43. 

The constructive arrangement and details do not depart much 
from good car-engine practice; thus each group of four cylinders, 
together with the water-jackets, is a single casting; the valves 
are side by side in pockets on the inner sides of the corabustioa. 
chambers, and are direct-driven in the usual car-engine manner; 
and the pistons are of pressed steel with cast-iron spring rings. 

The connecting-rods are of H"®6ction in nickel-chrome steel; 
the crankshaft is also of this material, and is borne in white- 
metalled bearings housed in a crank-case of aluminium alloy. The 

• The propeller runs at half this speed, viz. 900 revolutions per minute. 

• Delivered at the gates of Messrs Kenault’s Paris works. 




'^rfcurettor is placed beneath the engine, and long inlet pipes leat 
np to the valve chambers as shown in fig. 43. 

The normal speed of the engine is 1500 revolutions per minute 
but hero also the propeller is carried on an exte,nsion of the cam 
shaft, and thus normally runs at only half this rate. 'I’he weigh 
of the engine complete with immediate accessories is 440 Ihs., o 
only 4'4 lbs. per nominal B.H.P.; the radiator, piping, and wate 



Fig. 43.—Eight-cyliiidwlOO H.P. Pai.hurd “Vco” engine. 


weigh jointly 90 lbs., so that the engine in running order weighs 
altogether 630 lbs., or 5'3 lbs. per nominal B.H.P. 

Among other Vee aero engines may be mentioned the Clorget, 
Laviator, Hall-Scott, Frontier, Curti.ss, and those of the All British 
Engine Company (A.B.C.) and the New Engine Company (N.E.C.); 
a sufficient account of the type has, however, been given above. 
The next chapter deals with engines of the vertical type, which 
especially in the six-cylindered design—rece’ived great attention 
during the period 1912-1914, and has been br«ught to a considerable 
degree of perfection, particularly in Germany. 



CHAPTER VII. 

VERTICAL AERO ENGINES. 

In the evolution of the motor car the four-cylindered design c 
vertical engine has prevailed over all other arrangements; as use 
in car service it is always fitted with a flywheel, partly in order t 
reduce the cyclic speed fluctuation, and partly because its inne 
surface is in general utilised as one element of the clutch, In 
relatively small proportion of cases the six-cylinderod verticE 
engine is also employed in cars. It was accordingly inevitabl 
that light four-cylindered vertical engines should be early propose 
for use in the propulsion of, air-craft, and reference to the Table c 
aero engines circa 1910 in Chapter III. shows the extent to whic 
this type was at that time offered; of 76 engines in that Table, 2 
are vertical, 22 of these being of the four-cylinder pattern. 

Even at the end of 1912, in a list of 112 aero engines compile 
by Graham Clark,' 42 were of the vertical type, 24 of these havin 
four cylinders, 16 six cylinders, while there was one three 
cylindered and one eight-cylindered design. 

On the other hand, in the Paris Aero Show of 1913, of 6 
engines exhibited, 8 only were vertical, 4 having four, and 
having six cylinders; thus there was a great falling-oft‘ in th 
proportion of vertical engines. French and British aviators, a 
the result of experience, have generally formed the opinion tha 
the four-cylindered vertical engine, even with the undesirabl 
adjunct of a substantial flywheel, does not communicote to the ai 
propeller a rotation of sufficient steadiness, and that excessiv 
vibration of the whole machine, “fluttering,” and even actus 
breakage of the propeller are much more frequent with this tha 
with other types in which the cylinders are more numerous. 

* Proc. Inst. Auto, Eng., vol. vii 
120 . 



^.yMoreover, the largely inereasod power which experience has 
^hved to be necessary for modern aeroplanes renders it iinpracti- 
■cable to use only four cylinders, as the bore becomes so large that 
•the cyclic fluctuation of speed is much increased, with resulting 
‘increased vibration and stress in the propeller and aeroplane 
generally. 

The six-cylindered vertical design for long gave trouble in 
car work, mainly owing to crankshaft vibration and want of 
longitudinal stiffness; but these and other difficulties of the type 
have been fully surmounted, and the six-cylindered vertical engine 
came rapidly to the fore between 1912 and 1W4 as a satisfactory 
motor for air-craft. Its long crankshaft and crank-case would 
seem to render it neces.sarily a somewhat heavier engine for its 
power than the short and compact Vee engine; on the other hand, 
being very narrow in end aspect, it offers very little obstruction to 
the view of the pilot, and its form being well adapted to a stream¬ 
line form of casing reduces head resistance. 

The six-cylindered vertical aero engine has l)een brought to a 
high degree of perfection in Germany, a list of 34 German standard 
aeroplanes in the summer of 1914 showing that no fewer than 31 
were propelled by vertical engines, 17 these being of six-cylinder 
and 14 of four-cylinder type. 

The Wright Bros. Engine.—The four-cylindered vertical 
engine used by the Wright Brothers in their famous pioneer flying 
is of historic interest; designed and built in their own workshops, it 
was with one of these engines that mechanical flight was first practi¬ 
cally achieved on 17th December 1903. The vertical engine of the 
Wright biplane of that date had four separate cast-steel cylinders, 
the combustion heads and valve pockets being included in the cast¬ 
ing ; the valves were on top and were interchangeable; the inlets 
were of the automatic type, while the exhausts were operated by 
push-rods and rockers. The jackets were of thin aluminium, and 
extended to the cylinder barrels only, the combustion heads being 
unjacketed. The steel connecting-rods were of tubular cross- 
section—a feature that appears also in the later Wolseley engines 
described in the previous chapter. A small rotary pump discharged 
the petrol through a small jet orifice placed in the bell-mouthed 
end of the inlet pipe, thus providing the “ mixture.” There were 
two propellers driven from the engine crankshaft by two sprockets 
and two chains; the engine sprockets were 9-toothed, while those 
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aonneeted to the propellers were 33-toothod; thus-the reductiah'. 
or speed was as 1; 3f. 

evdoped 30 B.H P. As the total weight was 210 lbs., the wefght 
per B.H.P. was 7 lbs. ® 

The Panhard Engine.— Messrs Panhard & Levassor have for 
^me years built aero engines both of the Vee and vertical types- 
fig. 43 shows one of the former, while fig. 44 illustrates their four- 



Fio. 44.-Four.cyImder 30 H.P. vortical Panhard engine. 

cylindered 35 horse-power vertical design. The four cylinders are 
separate, and are cut out of solid steel billets; the combustion 
heads are of cast-iron; the bore is 4-33", and stroke 5-52". 

The jacket walls are of thin corrugated copper soldered into 
grooves at the lower ends of the working barrels, and clamped by 
screws to the combustion heads; the water connection between 
adjacent cylinders is made by means of short abutting pipes 
covered by rubber rings held in place by steel straps. Freedom of 
expansion of the working barrels is thus ensured, while the relative 
small motion of adjactent cylinders can occur without any stresses 
being set up. 

The pistons and rings are of cast-iron, very thin and %ht; 
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steel pistena were at first used, but, in common with several othtr 
builders, Messrs Panhai-d have reverted to cast-iron. 

The crank-case is of aluminium alloy, and the crankshaft is 
borne in five bearings. 

Valves .—The chief point of interest in the Panhard aero engine 
is found in the concentric inlet and exhaust valves, which are 
placed in the combustion head, and are coaxial with the cylinder; 
a diagrammatic sectional view of the arrangement adopted is given 
in fig. 45. 

The exhaust valve, shown in black in the figure, is annular and 
has a trunk stem of large diameter, which forms the passage for 
fresh mixture to the inlet valve, the seat of which is formed in the 
back of the exhaust. The inlet valve spring is homsed in the upper 
part of the exhaust valve trunk as shown, while the exhaust valve 
spring is external and visible, and stands on the casing carrying 
the combined valves. 

Bt)th valves are operated by one plus-and-minus cam, push-rod, 
and rocker, as in the ease of the Wolseley engine already described. 

In the left-hand view the piston is commencing its working 
stroke, and both valves are accordingly clo.sed; in the top right- 
hand view the exhaust valve is open, and it is obvious how this is 
effected by the action of the plus portion of the cam. In the 
lower right-hand view the inlet valve is open; this is ingeniously 
effected by means of a small reversing rocker C swinging on a 
fulcrum pin carried in a bracket D formed on the exhaust valve 
spring washer E. An arm F from the main rocking lever H 
engages with the under side of the outer extremity of the small 
rocker C, so that when, by the action of the spring housed in the 
tappet-rod easing, the tappet roller descends into the negative 
portion of the cam the arm F is raised, thus depressing the inner 
end of C, which bears upon the end of the inlet valve stem, and so 
opens the valve. 

The combined valve seems to have been first used in the “ Pipe ” 
petrol engines, and its use was continued in the air-cooled-Vee- 
type aero engines built by the Pipe Co.; it enables valves of very 
large diameter and low lift to be used, and tjjus confers the advan¬ 
tage of a larger area for inflow and outflow of gas than can be 
obtained by separate valves in the cylinder head. Moreover, the 
exhaust valve head, which is usually the hottest part of the engine, 
is here replaced by the inlet valve, and the successive rushes of 



^sh gas past tliis keep both the valves cool during runningr' ^ 
will be noted, however, that the mass to be moved is relatively 



considerable when the exhaust valve is opened, as the whole com¬ 
bined device then inovds as one rigid piece; the opening is effected 
by the positive action of the cam, but a strong and stiff spring is 
nwessary to cause it .to close with sufficient celerity. The inlet 
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carburettors shown; the valves are on one side, and not m the. 
cylinder heads as is now so usual. The pistons are of pressed 
steel with cast-iron spring rings; the nickel-chrome steel crank¬ 
shaft is borne in four white-metalled hearings carried in an 
aluminium alloy crank-case. The propeller shaft as illustrated is 
geared down from the crankshaft, hut this speed-reducing gear 
may be omitted when desired. 

A point of interest in connection with this 70 horse-power 
engine is its fine performance under tests carried out in the 
laboratory of the French Automobile Club, in respect of power 
development. At a speed of 1017 revolutions per minute, corre¬ 
sponding, by Eq. (33), to a piston speed of about 1380 feet per 
minute, the br.ake horse-power was no less than 9!)'7, corresponding, 
from Eq. (32), to the high value of >^p of 107-6 lbs. per square inch. 
That this was not accidental is shown by the tost results obtained 
from a four-cylindered Chenu engine of the same type which 
furnished a value of rfp of 105 lbs. per square inch. The petrol 
consumption of the 70 horse-power engine amounted to 0 542 lb. 
per B.H.P. hour, the corresponding brake thermal efficiency, from 
Eq. (41), being 23-5 per cent. 

The quantity of lubricating oil used was also very small, 
amounting to only 0-5 lb. per hour. 

The engine had no flywheel; the weight complete with all 
usual accessories was 394 lbs.; the radiator, piping, and cooling 
water may be taken as a further 72 lbs., bringing the total weight 
of the engine in running condition to 466 lbs. This corresponds 
to 6-66 lbs. per nominal B.H.P., and about 4-7 lbs. only per maxi¬ 
mum B.H.P. 

The Austro-Daimler Aero Engines.—An external view 
showing the general arrangement of the six-cylindered vertical 
aero engine of the Austro-Daimler Co. is given in fig. 47, while 
fig. 48 is a part longitudinal -view showing one of the car¬ 
burettors and inlet manifolds, and also the valve-rods and rockers. 
These# engines have proved very successful during the past, four 
years, in both aeroplanes and dirigibles, and are jn use in the air 
fleets of the British, Russian, Italian, Austrian, and German armies; 
they are now constructed in Great Britain by Messrs Beardmore 
of Glasgow. 

A transverse section through one cylinder is given in fig. 49. 
The hollow -crankshaft is of nickel-chrqme steel, borne in seven 
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Sfliite-metalled bearings having exceptionally deep and stiff nearing 
saps, as shown. The propeller boss is fitted at the end of the shaft 
passing through an extension of the aluminium alloy crank-case 
about 12 inches in length, and is supported by ball thrust bearings; 



Fio. 47.—-End view of six-cylinder vertical Austro-Daimler engine. 


this extension permits a “ stream-line ” housin^to be fitted conveni¬ 
ently at the “ nose ” of the aeroplane. The pressed steel connecting- 
rods are of the usual H-®®ction, about 3J cranks in length between 
centres, and are fitted with four bolts in each big end; the very 
light pistons are of pressed .steel with three cast-iron spfing rings 








The SIX separate cylinders are of cast-ii^u, v.„o uemcw ■ im'*: 
machined both within and without; a pressed steel flange 
(fig. 49) is screwed to the lower part of each working barrel, ai^ 
this 18 attached to the crank-case by seven holding-down bolts,-’, 
four of which are extended to form also main bearing bolts,-!' 
whereby the crank-case is. relieved, of working stress, and can 
thus be built of light section. 


The cylinders are offset or “desaxd" (see p. 77) by a distance. 
C, equal to about one-fifth of the crank radius, thus reducing the 
connecting-rod obliquity, and hence the piston friction, during the 
working strokes. 


The jacket cooling water is circulated by the small centrifugal 
pump at the back of the engine, as shown in fig. 47; the jacket 
walls are of electrolytically depo.sited copper, and, as will be seen 
from fig. 49, the water enters at the bottom of the jacket and leaves 
at the highest point in such a manner as to avoid any possibility 
of the formation of pockets in which steam or air might'coHect, 
while the exhaust valve seating and stem guide are both well . 
cooled. 


Lubrication is foi-ced;, a Bosch lubricator driven from the 
crankshaft through helical gearing contains a group of pumps, 
each of which delivers oil under high pre.ssure tp one weldless- 
steel main oil lead, as indicated in fig, 47. Each pump includes 
two small plunger rods of variable stroke, one of which acts as a 
piston valve, the other as a normal pump plunger. 

Ignition. Double ignition is fitted, i.e. there are two sparking 
plugs in each combustion head, placed at opposite ends of a diameter; 
as indicated in fig. 48; the i^iting currents are supplied by two 
synchronised Bosch high-tensiem magnetos, each supplying one of’ 
the plugs in each cylinder. ! 

When a position can be found for a second sparking plug in a 
cylinder where the freshly introduced charge is, sufficiently rich 
to^be readily ignitible, and the plug does pot become oily or sooted < 
up in working, the extra plug reduces the time of exfjloaon (see) 
p. 27)' of the -oharge and increases both the power and .'efficiaftcy^ 
of the engine, especially at high revolution speeds. It is not alvvaya^ 
.poMible, however, tp^find a satisfactory position, for the extra plu&) 
this being dependent upon the form and size of. tbe cOmbustioi^J 
chamber, and the positipn and size, of the valves; hence it has'bfoj^ 
.been Jound that no perceptible advaptage baa .residfc^^ 
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adoption of double ignition. In other eases, however, a marked 
gain ha.s been shown: in some experiments upon a four-cylinder 
(Ilement-'ralbot engine by Dr. W. Watson, F.R.S.,’ for example, the 
following results were obtained:— 


Revs, per 
minute. 

1100 

ICOO 


T [I. I*, witli 
single ignition. 

18-4 

28-0 


I.H.P. with 
double Ignition. 

20-8 

20-2 


In the Austi-o-Dairtiler engine with two magnetos and two sets 
of plugs there is the further advantage of a reserve ignition in case 
of the failure, of one of the systems. 

Mixture .—The mixture is supplied, as shown in figs. 47, 4(S, 41), 
by two water-jacketed float-feed carburettors B B, identical in con¬ 
struction and ad justment, each supplying three cylinder^ through 
its own inlet manifold; the <;arburettors are simultaneously opm-ated 
by the ainglo control-rod shown ; the floats are annular, and each 
carburettor is of the single spray nozzle type. 

Trouble was experienced with early de.signs of six-c 3 dindered 
car engines supplied by otdy one carburettor through the first and 
sixth cylinders fre(|ueidly being staia ed vu account of their distance 
from the carburettor; this trouble is overcome by the method here 
adopted. 

With the usual order of firing, viz. 1, 4, 2, C, 3, 5, it will be 
noted that not only do no two adjacent cylinders fire consecutiveH", 
but also that the working impulses occur alternately in one 
cylinder of each of the groups of three, so that in each carburettor 
the suction pulses occur at regular time intervals corresponding to 
240° of crankshaft revolution, and upsetting of the mixture is thus 
prevented, and the action of each carburettor rendered uniform. 

Valves .—The interchangeable cone-seated valves, each about 
one-half of the cylinder bore in throat diameter, are placed in the 
cylinder head, each with its axis at 30° to the vertical, as shown in 
fig. 49; the exhaust valve seating and .stem guide are formed ill 
the combustion head casting, and are well water-cooled. The inlet 
valve is borne in a separate casing, or cage, fix(j(l in position by an 
ea,sily removable hollow flange-nut C; on removing the inlet valve 
cage the exhaust valve can be withdrawn tl5rou|;h the opening left. 

Both valves are held to their seats by the neat and simple 

' Proc Inst. Auto, Etig„ vol. iii. pp. 388-9. 
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device of a single laminated spring D, clamped at its centre in the 
column supporting the fulcrum of the rocker, as shown in figs. 47 
and 49. Both valves are also operated by one push-rod and rocker, 
but instead of the inlet being opened by the agency of 'a spring 



FlO. 48.—Six-cylinder Austro-DBimler, carburettor side. 


housed in the tappet guide box, as in the early Panhard 

aero engines already described, the Austro-Daimler Co. have in¬ 
geniously contrived that both valves shall be positively opened by 
using two cams in conjunction with a bell-crank lever. 

The arrangement is indicated in fig. 49; to the end H of the 
• bell-crank lever HLK, turning upon_ the fulcrum L, the lower end 
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Fio. 49,—Sectional riev of Austro-Daimlee aero eogine. 
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of the light tubular push-rod M is connected by a pm-joint. The 
arms of the bell-crank are, however, not in the same plane, LH 
being behind LK; the cam E actuates the rollered end K of the 
bell-crank, and when its -f -part makes contact with K the push- 
rod M descends and the inlet valve is opened. Behind E is a 
second cam—not shown in fig. 49—by which the rollered end H 
is actuated; when the -|--part of this cam makes contact with H 
the push-rod M rise.s and the exhaust valve is opened. The cams 
are necessarily cut away, or have a “ minus ” portion, in order that, 
when either end of the bell-crank is moving away from the axis 
of the cam-shaft, the other end may be free to approach this axis— 
as is obviously necessary. 

Thus each valve is positively actuated, the masses moved are 
equal, the total mass to be moved is small, and the friction of the 
gear is reduced to a minimum. 

General .—The six-cylindered aero engines of the Austro- 
Daimler Company are in two sizes, viz. (1) the 4'73'"x 5'62" 
engine rated at 90 B.H.P., and (2) the 6'12" x 6’9" engine rated at 
120 B.H.P. 

Tests of a 90 H.P. enginqtoade by the Austrian army authorities 
in 1913 included a run of twenty comsecutive hours, at a speed 
of 1320 revolutions per minute, an output of just over 90 B.H.P. 
being maintained. 

The 120 B.H.P. type runs normally at 1200 revolutions per 
minute, the corresponding piston speed (Eq. 33) being 1380 feet per 
minute. The effective valve diameter appears to be about 0 48 of 

A / 1 

that of the cylinder; hence in Eq. (50) we have = =4’34, 

and consequently f=6000 feet per minute, a very satisfactorily 
low figure. The weight of the 120 H.P. engine, including the usual 
immediate accessories and also the radiator, is 575 lbs., correspond¬ 
ing to only 4‘8 lbs. per rated B.H.P. 

An output of 120 B.H.P. at 1200 revolutions per minute 
corresponds, by Eq. (32), to the high value of 93 lbs. per squ&re 
inch for rfp. The petrol consumption is ■ about 0'54 lb. per B.H.P. 
hour at full load, wiile the lubricating oil then used amounts to 
only some three-eighths of a gallon per hour; thus both in fuel and 
oil the engine is economical. 

The Cody biplane to which the £5000 prize was awarded in 
.the British military trials of 1912 vras propelled by one of these 
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120 H.P. engines. It was also by aid of a 120 H.P. Austro-Daimler 
engine that Oelerich, at Leipzig in July 1914, climbed to the record 
height of 24,800 feet in an all-steel military D.F.W. biplane. 

The Merc^dfes-Daimler Aero Engines.—These very succo.sRful 
vertical aero engines are made with four, si.x, and eight cylinders 
at Stuttgart, Untertiirkheim, and are supplied in Great Eritain 
by Messrs Milnes-Daimler-Mercddes, Ltd., of Long Acre, W.C. 

The six-cylindered 100 H.P. design is specially favoured by 
German military airmen, and external views of this are given in 
figs. 50 and 51. 

The water-cooled cylinders are cast in pairs, the jackets 
originally forming part of the casting, but latterly being of steel 
Welded on; the cylinders are attached to the crank-case by flanges, 
studs, and nuts. The bore of the 100 H.P. engine is 4'73", and 
the stroke 5’52", and these engines develop 95 B.H'.T. at 1200 
revolutions per minute, rising to 105 B.H.P at 1350 revolutions 
per minute, the petrol consumption at full load averaging 0 55 lb. 
per B.H.P. hour. The piston speed at 1200 revolutions per minute 
is 1104 feet per minute, a moderate figure; while 95 B.H.P. at this 
speed implies, by Eq. (32), the very hit h value of t(p of 108 lbs. per 
square inch. 

The weight of the 100 H.P. engine complete with two magnetos, 
water and oil pumps, piping, connections, propeller boss, and 
If-gallon auxiliary oil tank, is 459 lbs., corresponding to only 

^-?=4‘83 lbs. per actual B.H.P. 

95 

The pistons are of pressed steel with cast-iron rings, while the 
connecting-rods are of the usual H-section in nickel-chrome steel 
stampings. The nickel-chrome steel crankshaft is borne in white- 
metal bearings housed in an aluminium alloy crank-case, with 
large oil sump containing sufficient oil for a full-load run of six 
hours; for more prolonged runs a reserve oil tank is fitted. Lubri¬ 
cation is forced throughout, including the cam-shaft and rocker 
bearings. The propeller is attached to the coned and keyed end 
of the crankshaft,* which issues from an extension of the crank¬ 
case as shown in figs. 50 and 51. 

The valves are in the cylinder heads an^ are inclined; each 
vaive is driven by its own rocking lever, these being directly 
actuated in the 100 H.P. design by cams carried on an overhead 
enclosed half-speed cam-shaft, driven by a vertical spindle through* 
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Flo. 60. Six-cylinder 100 H.P. Mercedfee engine, exhaust side. 



Fio. 61. —Six-cylinder 100 H.P. Mercidis engine, showing carburettors. 
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exposed bevel gearing from the propeller end of the crankshaft, < 
as shown in the illustrations; this mode of valve operation has 



Fig. 62.—Eight-cylinder 240 H.P. MercMb-Daimler engine. 


proved extremely satisfactory, the mass to be moved in opening _ 
the valves being very small. Each rteker terminates in an adjust- 



Fio. 63.-Eight-cylinder 240 H.P. Meroidts-Daimler engine. 


able set screw and locking bolt, so that the^ecessary small clSar- 
ance at the end of the valve stem may be accurately set. 

Ignition is by two high-tension Bostlh magnetos carefully 
synchronised; each cylinder—as in the Austro-Daimler is fitted 
with two sparking plugs, and each magneto serves one plug in each 
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cylinder; the advantage of double ignition is thus obtained, in 
addition to a reserve ignition being provided. 

There are two water-jacketed carburettors, clearly shown in 
fig. 51, each supplying mixture to three cylinders substantially 
as in the engine previously described {q.v .); the petrol is exhaust- 
pressure fed to the carburettors. 

On 10th July 1914 Herr Bohm performed the remarkable feat 
of remaining in the air for 24 hours 12 minutes in an “ Albatross ” 
biplane driven by one of these six-cylinder 100. ll.P. Merc6dhs- 
Daimler engines; though very light for their power, this very 
severe test amply demonstrates their durability. 

Figs. 62 and 53 illustrate the eight-cylindered 240 H.P. Merc5dfes- 
Daimler engine as designed for the propulsion of dirigibles; here 
again the cylinders are in pairs, but the valves are shown as 
operated by push-rods and rockers. The following Table gives the 
leading particulars of these and the other Merc6des-Dairaler aero 
engines of 1914:— 


Leading Pabtioui.ars of the Vebtioal Wateb-coouid MERctots- 


Daimleb Aebo Engines in 1914. 


Nom* 

iiial 

B.ILP. 

No. of 
cylln- 
derB. 

Bore 

In 

inches. 

Stroke 

in 

inches. 

“7” 

Normal 
speed in 
revs per 
min. 

Piston 
speed in 
feet per 
min. 

List 
price in 
£. per 
nominsd 
B.H.P. 

tjp ill lbs 
pci square 
inch from 
actual 

B. lf.P. 

Weight 
uf engine, 
excludiug 
radiator. 

Lbs. 

Weight in 
lbs. per 
nominal 
B.H.P. 

70 

4 

4-73 

6-62 

1200 

1104 

6-60 

102 

808 

4‘4 

80 

6 

4-13 

6-62 

1200 

1104 

6*06 

111 

312 

3-9 

90 

4 

6-62 

6-92 


1184 

5-67 

99 

400 

4'44 

100 

6 

4-78 

6-62 


■iDlM 

6-86 

108 

444 

4-44 

120 

4 

6'83 

6'49 


1190 

6-29 

89-6 


6-6 


8 

6-88 

6-49 

1100 

1190 

616 

89-6 

1820* 

7-68 


Note.— The first four eeginee develop only 60, 76, 86, end 96 B.H.P. respectively, at 
1200 revolutions per minute. 

The Green Aero Engine. —The Green Engine Co., Ltd., of, 
London, has for the past seven years steadily adliered to the water- 
coolpd vertical type of engine for aircraft propulsion, and hi.s 
obtained several noteworthy successes, which have culminated in 
the gain of the £5000 prize for the performance'of their 120 H.P. 
engine in the Naval Ind Military Aeroplane Engine Competition 
of 1914. 

An external view of this successful engine from the carburettor 
• Wlien with flywheel, add 99 lbs. and 123 Iba. to these weights respectively. 
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side is given‘in fig. 54; it will be noted that the cylinders are 
separate, and connected to the crank-case by a flanged and bolted 
joint. The bore is inches and the stroke 6 inches, and 120 
B.H.P. is developed at a speed of 1250 revolutions per minute, 
corresponding to a piston speed also of 1250 feet per minute, 
and a value of rip of 89 lbs. per square inch. The weight of the 
engine complete with all usual accessories is stated as 440 lbs., 
corresponding to only 3'67 lbs. per full B.H.P. The Green aero 
engines are built by the Aster Engineering Co., Ltd. 

A longitudinal elevation, partly in section, is given in fig. 55, 
while fig. 56 shows a transverse section and also an end view. 

The Crankshaft .—The six-throw hollow crankshaft is of 
vanadium-chrome steel, 1'97 inches in external diameter and about 
0'90 inch diameter internally; the six throws are arranged in the 
usual “ opposed-three ” manner, viz. with Nos. 1 and 6, il and 5, and 
3 and 4 severally together, so that there is no “ rocking ” couple 
when fhe engine is running. 

The crankshaft is very firmly supported in seven white-metalled 
main bearings of an aggregate length of about 16 J inches, carried 
in an aluminium alloy crank-case oft exceptional depth and stifi’- 
ness; moreover—as indicated in fig. 55 —the holding-down bolts of 
the cylinders are continued through columns in the crank-case, so 
that their lower ends form the main bearing bolts; thus the tension 
due to the explosions is directly borne by these bolts, and the crank¬ 
case so far relieved from stress. 

The crankshafts of vertical six-cylindered aero engines have 
given much trouble, not only from insuflScient stiffness, but also 
from the frequency of fractures; in this design the shaft is very 
fully supported in an especially stiff crank-case, and it is of interest 
to apply Eqs. (48) and (49) {ante) to the case to ascertain the implied 
value of the constant G. 

It will be found from Eq. (48) that A = 1'93 inches, and accord¬ 
ingly from Eq. (49) that C = 0-34; Lloyd’s rule for the crankshafts 
of*the heavily worked engines of motor boats, when of the six- 
cylindered type lyith a bearing between each crank—the shaft 
being of ordinary mild steel,—is that C should have the value 
0'36; in this case the special material employed has caused the 
builders to take a rather lower value for the constant. 

The propeller thrust is resisted by the double ball thrust bear¬ 
ing A (fig. 65), situated near the left-hand end of the crankshaft. 
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The Flywheel.—At the propeller end of the shaft will be 
observed a flywheel bolted to a long-sleeved boss keyed to the 
shaft, and held in position by an end nut B. The flywheel has an 
‘external diameter of 19 inches, and th^ rim is 1’5 inches wide and 


Fig. 6i.—External riew of six‘Cylinder 120 H.P. Green engine, showing carhurettors. 
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1'4 inches deep; the rim weight is accordingly about 30 lbs., and 
its rotational energy at 1250 revolutions per minute is about 4750 
foot-lbs.. 

Oil is forced through the hollow crankshaft from the main 
bearings, and reaches the big ends through holes drilled nulially in 
the shaft, as shown in fig. 55; this is a common but eminently 
undesirable practice, as the sections of the shaft in which these 
holes occur are much weakened. 

Ttic Connecting-rods .—The connecting-rods are nickel-chrome 
steel stampings of H section, with the webs drilled out iti order to 
reduce their weight as much as possible, and of a length between 
centres, roundly, 3f times the crank radius. The big ends are 
white-metalled and of very light design; each has two cap bolts; 
each big-end bearing is 1'97 inches diameter and 2'75 inches long, 
the corresponding “bearing area” being 1'97 x2'75=»5’4 square 
inches. Assuming, as usual, an explosion pre.ssure of 300 lbs. per 
square inch, this corresponds to, roundly, 1300 lbs. per square inch 
of bearing area—a normal pressure intensity in the petrol engines 
of cars. 

In the gudgeon end the unusual ^?^dctice is adopted of firmly 
attaching the connecting-rod to a hohow steel gudgeon pin, and 
making the working joint between this pin and the two bronze- 
bushed piston bosses; in the very great majority of petrol engines 
of all kinds the pin is fixed in the bosses, and the working joint is 
between the pin and the bushed eye of the connecting-rod. 

Each gudgeon pin is about 0'95 inch in diameter, and the 
joint length of the two bearings in each piston is 2 6 inches; hence, 
proceeding as above, it appeal s that, due to the explosion pressure, 
there is a momentary maximum of 2900 lbs. per square inch of 
bearing area on the gudgeon pin—again a normal value. 

Pistons .—The pistons are of cast-iron with dished crowns— 
which is not a very usual practice, though it is found in the 
Daimler-Knight sleeve-valve engines, and has recently been 
adopted also in the latest design of single-valve Gnome engine 
(v. infra)', it is sometimes claimed to be theoretically good as 
causing the combustion chamber to approxintate more nearly to a 
spherical form, thus givii^ maximum volume with minimum 
cooling surface, and sometimes it is merely said to keep the 
cylinder cleaner by holding any dirt or loose scale that may form 
on and drop from the combustion chamber. Each piston is furnished 
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with three cast-iron spring rings, and has a length of 4-9 inches, 
i.e. 0’9 of the cylinder bore. 

Cylmders—The six slightly offset cylinders are all separate, 
and each is attached td the crank-case by a flanged joint with four 
bolts, which are extended downwards to form also the main bearing 
bolts, as already stated; there is also a fifth stud and nut standing 
in the crank-case. The cylinders are here of cast steel, machined 
within and without, the finished thickness of the working barrel 
being about 017 of an inch. From the flat cylinder top two 
cylindrical branches C C project vertically upwards; into these the 
inlet and exhaust valve cages are respectively fitted; as shown at 
D D, these two branches slightly overlap the working barrel, so 
that, in the event of a valve stem breaking, the head of the valve 
is unable to fall into the cylinder; risk of fracture of the piston 
crown is thus avoided. 

Cylinder Jackets .—The jacket walls E E are of very thin spun 
copper, making a metal-to-metal joint witli the top of the cylinder, 
while at the lower end watertightness is preserved and expansion 
. permitted by a rubber ring F F placed in the recess between two 
small flanges left on the working barrel as shown. The copper 
jacket is slightly belled out at its mouth and firmly pressed over 
the rubber ring; a very effective and permanent water-joint is thus 
secured, and it has been noted that after some time the jacket wall 
even bulges slightly outwards, owing to the pressure exerted upon 
it by the rubber ring; the width of the water space around the 
cylinder is only about 0 3 inch. 

The cooling water is circulated by the pump G, shown in the 
right-hand view in fig. 56; this pump is driven from one end of 
a horizontal shaft operated by skew gear wheels H (fig. 55); to 
the other end of this shaft is attached the high-tension ignition 
magneto K, The pump draws from the radiator and delivers into 
the horizontal pipe L, with which the bottoms of the several cylinders 
are connected by short branches M; the heated water leaves the 
jackets at the top by means of the branches N to the pipe P, and 
thence returns to the radiator. 

Each cylinder develops, roundly, 20 B.H.P. at full load; assum¬ 
ing, as in Chapter IIj (p. 41), a rise of 40° F. in the jacket-water 
temperature, this involves the passage of 20 pints, i.e. 2| gallons of 
water through each cylinder jacket per minute, and the pipes L 
and P accordingly have to pass a maxknum of 6 x 2 J = Ifi gallons 
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of water per minute. As these pipes have an internal diameter of* 
about 0 95 inch, the mean velocity of the water through them is, 
roundly, 8 feet per second. 

The Crank-case .—The upper half of the crank-case, to which 
the cylinders are bolted, is an exceedingly deep and strong casting 
of aluminium alloy having stiff transverse webs supporting the 
seven main bearings, as shown in figs. 55 and 56. The lower half 
is an extremely light and simple semicylindrical cover of thin sheet 
aluminium held up by the three easily removable .straps R R R. 

Liihrication .—Lubrication is forced to tlie main bearings and 
big ends; the small gear-pump S (fig. 56), drawing from the 
crank-case sump, delivers oil at a pressure of about 20 lbs. per 
square inch to the passage T cored in the wall of the aluminium 
crank-case casting, which communicates by ducts in the transverse 
webs and down the bolt columns with the main bearings as indi¬ 
cated. From the main bearings the oil has to pass inside the crank¬ 
shaft—in opposition to the centrifugal force—and along via the 
crank-cheeks, to the crank-pins, whence it issues through the oil- 
holes indicated in fig. 55, and lubricates the big ends. 

The gudgeon bearings and pistons are lubricated by the oil 
whirled from the cranks. The cams end cam-shaft are supplied 
with oil-bath lubrication as mentioned later. 

Carhuration .—The working charge is supplied to the cylinders 
by two Zenith carburettors carefully adjusted to be exactly alike, 
and with their throttle-valve levers coupled together as shown in 
fig. 54. Each connects to a three-branched inlet manifold. The 
Austro-Daimler and Merc4des-Daimler aero engines already de¬ 
scribed similarly employ two carburettors, and reference may be 
made to p. 129 for a remark upon the advantage obtained by this 
practice. The burnt gases are led by short branch tubes into a 
long expanding exhaust pipe U, as shown in figs. 55 and 56. 

Ignition is effected by the single high-tension magneto shown 
in fig. 56 a at K 

* Rdtecg.—Both inlet and exhaust valves are carried in cages’ V, 
and are in every, respect identical, thus reducing the necessary 
stock of spare parts. The valves themselves, are 45“ cone-seated, 
of nickel-chrome steel, with a throat diameter of 2J inches, i.e. 
0'386 of the cylinder bore; applying Eq. (5(5) {supra), it will be 
found that the mean velocity of the gas through the valve throat 
is, roundly, 8400 feet per ipinute when the engine speed is 125(), 
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flO. 66 a. —End via^ of iix-cyUnder 120 H.P. Green engine, showing magneto end pnmpa. 
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revolutions per minute; this is rather high compared with the 6600- 
7000 feet per min. of car engines of good output, and is probably a 
cause of the not notably high value of tfp, viz. 89, which is attained. 

Each valve cage makes a ground-in cone-seated joint near the 
bottom of the cylinder trunk C, in which it is fitted, and is secured 
in place by a large hollow aluminium nut W. The valve springs 
are conical helices giving less accumulation than the usual helical 
type; it will be seen that as arranged they are protected completely 
from any contact with hot gases and are kept cool by fresh air 
entering the ventilating holes in the domed aluminium nuts W. 
Both valve scats are well water-cooled, and the inlet and exhaust 
passages are short, direct, and free from obstruction. 

Valve Actuation .—The valves are operated by an overhead 
cam-shaft X through small rockers Y; these rockers do not act 
directly upon the ends of the valve stems, but through an inter¬ 
mediate tappet, or pin, DI (fig. 56). The cam-shaft is driven by 
skew gear Z on the right-hand end of the crankshaft, through a 
vertical shaft AI and bevel gearing BI; both these gears, as also the 
vertical shaft, cam-shaft, and rockers, are encased completely. 

The aluminium casing of the cam-shaft is clearly indicated as 
to detail in figs. 55 and 56, and is arranged so as to be taken apart 
readily when required; the upper cover carries the fulcrum pins 
of the rocking levers, while the lower part forms an oil-bath into 
which the cams dip at every revolution. The cam-shaft casing is 
in three lengths, each borne on two supports from the cylinders; 
these lengths are split longitudinally into two parts and are fitted 
with a total of seven split bronze bushes, so that the cam-shaft is 
very rigidly carried; the two parts of the casing are held together 
by screws Cl, one of which is shown in fig. 56. 

Valve actuation by overhead shaft in this way is an excellent 
method, as most of the moving masses are rotating, and there are 
no long push-rods and large rockers to be accelerated, while the 
whole gear is completely enclosed and thus protected from dust 
and accident; the system has given exceedingly satisfactory results 
in practice. 

The Inverted Daiinler Engine.—Though the vertical type of 
aero engine capses but little view-obstruction to the pilot, attempts 
have yet occasionally been made to still further reduce this; for 
example, in the German aeroplane motor competition at the 
Adlershof Institute ip 1913, the German Daimler Co. entered the 
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Io.or<-9yliB(ler§(l .‘water-cooled inverted vertical enjjine illu.stratec 
.io .fe 5'^; this engine umlei'wont the various tests so satisfaetorilj 
th^t it was awai’dod the foui’th prizi;, the judges expressing th( 
view that it was ol “an original and suitable design for flying 
machines.” The engine was rated at 70 B.ll.P., the cylinder hurt 
being 4’78", the stroke.' 5 52", and the normal speed 1400 revolutions 
per minute. The cylinders were cast in pains and the valve.s were 
situated in the combustion heads, each being actuated by its owr 



Fio. 57. Four-C} Under 70 II.1‘. inveited aem engine of Llie German Daimler Co, 


cam, push-rod, and rocker as shown; the inveited po.sitiou con¬ 
ferred the advantage that the cooled water from the radiator could 
enter the combustion head jackets first. The lubrication was forced; 
the practical difficulty' anticipated with the invi'rted arrangement 
waS that lubricating oil would pass the pistoins and soot up the 
valves and jilugs, but no trouble from this cause was expei’ienced 
during the trials. 

• The inverted position of the cylinders has for some years been 
feature of the small eiigine.s constructed for*inotor boat propul- 
jbion by the Seal Motor Co. of Hammersmith, and thins was not an 
ieatirely novel.arrangeniont; in the radial type of aero engine also, 

10 










IM which have alireadjf' heeh 
piecessarily work in a more or less inverted 
■engines have proved quite successful in practice. 

' In this German competition the importance of low wO 

was adequately recognised; the value figure takl^ 
purposes of comparison was a fraction having as numeratwc’: 
Weight of the engine, including its attachments to the aeroplj^ 
operating levers, flywheel (if any), propeller shaft and bearj^ 
and the weight of the cooling water, petrol, and oil used; I 
weight of the propeller itself was not included. 

The actual weight of the petrol and oil tanks was not inclndi 
but a uniform allowance was made for these items dl one-fifth t 
weight of (petrol-foil) consumed during the seven hours’ tri 
Similarly, the actual radiator weight was not taken, but was assum 
at about 0'38 lb. per 3000 B.Th.U. carried off by the cooling wal 
per hour; this corresponds, roundly, to about 0'38 lb. per B.H 
of normal output of the engine. 

The denominator of the fraction was the B.H.P. develop 
during the full-load test; thus: 

Weight as above determined ' 

"TdlP; 


Value figure for comparison = 


Estimated in this way, the engine weights per B.H.P. appei 
of course, somewhat high, as so much more than usual is includi 
in the engine weight. The first prize was awarded to a 100 S: 
four-cylinder^ water-cooled vertical Benz engine, for which ti 
several items of weight were as follows;— 


Engine with usual immediate accessories . 
Allowance for petrol and oil tanks and radiator 
Allowance for fuel and oil . :. . . , 

Total . . 


Lbs. 

345. 

104 

354 

803 


* This engine is illusteated in fig. 58. The cast-iron sepa^u 
^i^ylinders were of 618'' bore, the &oke being 71"'; the ine^q^^ 
sparing a seven hours’ full-load trial, was 1288. 

^inute, corre^KHiding to a piston ^eed of. 1625 feet jfer 
he brake horse-power develpped was J02'7) ehriespohding 
gh value of 108 lbs. per square'incb for x/p. The ftiel 
ifeMr-vw ibtir* arobuntSug b ouiy ffAfiS Ife.- he? B.KJ’i.F 



aierjiial efficiiency being ^ 


Tismf 




0'465x 20,000' 

E |[% I'he lubricating oil used was almost exactly half i 
hour, so that the performance of this engine was highly 
We in all respects. 

the total estimated weight was 803 lbs., and the B.H.P, 

803 


■i,. the value figure for this engine was 


102-7 ■ 


= 7-82 lbs. per 



Fio. 58.—Four-cylinder 100 H.P. Benz enpne. 


H^P. ; it win be noted, however, that in the common mode of 
tkoning, ie. taking only the weight of the engine with immediate 

V' , 345 

eessories, the figure has the low value of ryr5-==3-36 lbs. per 

yji ivZ’t 

IttP. only. 

I^The jacket walM were of welded sheet steel, partly corrugated; 
i&^water inlet and outlet at opposite ends* of a diameter, the 
joint between adjacent cylinders being tnade by a compressed 
^rring. , ,, 

%f(dll be noted from the illustration that the carburettor body,; 








was cast in one with the upper part of the ciwnk-easSJ^' 
air used was drawn from the crank-chamber, as in soiiie^ 
already described, thus helping to cool the working parts, and^^^ 
ensuring a supply of warm air for carburation; the carbure 
was water-jacketed. 

The valves were located in the cylinder heads and driven bj^J 
the usual overhead gear; each valve was fitted with two springs;* 
one being a reserve in case of failure of the other. ‘A 

Double ignition was provided, as in the Austro-Daimler andi 
Mercedes engines already described; each cylinder was fitted with', 
two sparking plug.s; there wei’e two high-tension magnetos care¬ 
fully synclironiscd, each supplying one plug of each cylinder; these 
magnetos are shown in fig. 58. 

In this German competition 66 engines were entered, 52 of' 
these being water-cooled and 14 air-cooled; many failed to appear, 
but ultimately 18 underwent the main trial, only one of these being 
of the air-cooled type; finally 10 engines, all water-cooled, under-' 
went extra trials. 

The following average results from the performance of the five- 
prize-winning engines during the seven-hour full-load test are of 
interest, and illustrate the remarkable advance made in lightness 
of construction and economy in petrol and oil consumption;— 


Weight of engine and immediate accessories 
„ estimated as above described 
Lbs. of petrol per B.ll.P. hour 
„ of lubricating oil per B.H.P. hour . 


Lbs. ]ier IJ. IJ.P. 

. 3-74, 

. 8-6 
. 0-4t)4 
. 005 


While a four-cylindered vertical engine to which the third' 
prize was awarded was undergoing its trial the propeller broke,- 
one blade flying off and damaging the roof of the testing-hous%' 
This breakage may or may not have been due to want of sufficient'’: 
cyclic speed regularity in the engine, but probably created aal 
unfavourable impression among airmen, an objection frequcRtljti 
urged against the four-cylinder vertical engine being that pre^'i 
peller failures are more frequent with them than with engines 
the rotary or radial types. It seems probable that the Joutg 
cylindered vertical aero engine, by reason of its somewhat irregujaffi 
torque and practically limited power output, will be little, if ifi 
all, used for aeroplane propulsion in the future. On the bfch* 



improvements in the design of the water-cooled six- 
dered vertical engine, especially in the direction of greater 
l^jmess i^nd^ absence of crankshaft torsional oscillations at high 
^eds, render it very probable that this type of engine will enjoy 
A' considerable vogue in normal aeroplane service requiring from 
15 to 160 11.71.?. 



CHAPTER VIII. 


ROTARY AERO ENGINES. 


In general, rotary aero engines in external appearance resemble 
those of the radial type already described in Chapter V.; but 
whereas in radial engines the cylinders are stationary and the 
crankshaft rotates, in rotary engines the crankshaft is jif-ed and 
the cylinders, crank-case, and attachments rotate around the crank¬ 
shaft axis. 

The rotational inertia of this type of engine is thus very con-' 
siderahle, and the angular motion of the propeller accordingly very 
uniform; this uniformity of motion is, moreover, attained with a 
very light engine, no flywheel being needed, while the rapid 
motion of the cylinders increases the effectiveness of the aijN 
cooling. To the skill and enterprise of M. Laurent Seguin, the 
designer of the famous “ Gnome ” rotary aero engine, aviation owes 
a great debt of gratitude; the demand of the pioneers of mechanicjtd 
flight for a very light smooth-running engine was promptly 
by the well-designed and beautifully constructed Gnome engin^ 
which very early attained great popularity, particularly amoh| 
British and French airmen. 

Extremely useful though the rotary engine has proved, large^ 
by reason of its lightness and the steadying influence of its laf^ 
rotational inertia, it must yet be borne in mind that its advantSj^ 
in these respects are enjoyed only at the coat of certain drawbad^ 
Thus it must be necessarily air-cooled, though there is little" d(^^ 
that, especially for' prolonged flights, a water-cooled engiile'jjS 
preferable; again, the resistance of the air to the rapid rotation* 
the cylinders absorbs fully 10 per cent, of the power develoj^- 
while it is difficult to provide for the uniform ^ling c^i*” 
^Jinders' and so avoid distortion, the leading surfaces tenili'?;'' 

■ ■' ' . . 160 . / ' 



pfi» than, the following surfaces. It lias also proved difficult 
satisfactorily for the supply of the carhurotted “ mixture "v 
^|he several cylinders of rotary-type engines, while it is almost ■ 
^jpo^ble to devi.se any practical moans of silmicing the exhaust. 
Jtlbrication, again, has proved a difficult problem, a solution often , 
Adopted being to make up by a profuse supply for a defective 
kyBtem, with the result that the oil consumption frequently proves 
to be inordinately large. Lastly, to prevent overheating, the largest 
practicable air-cooled cylinder is of not exceeding 5" in bore, so 
that high powmr is only attainable by increasing the number of 
cylinders, with corresponding increase in number of parts and 
general complexity. 

These drawbacks notwithstanding, it is undoubted that the 
rotary engine is very popular, and this popularity h.as been earned 
partly by its early success in the field of aviation, and partly by 
the many and continuous improvements w'hich have been effected 
in the" details of its design, as experience has accumulated, by its 
skilful con.structors. 

The Gnome Engine.—One of the earliest designs of Gnome 
engines comprised but five cylinders, > ach of 3'94" boro and equal 
stroke; the demand for higher power caused this soon to be super¬ 
seded by the fatuous seven-cylindered 50 H.P. type, front and side 
external views of which arts given in figs. 59 and 60. From the 
ade view, fig. 60, it will be .seen that the fixed hollow crankshaft 
carries at its inner end a simple form of carburettor from which 
the explosive mixture is conveyed to the several cylinders by way 
of the crankshaft and crank-case, as described more fully later. 

Tlie seven .symmetrically disposed air-cooled cylinders, together 
with the crank-case and propeller, rotate about the axis of the fixed 
crankshaft; the seven connecting-rods rotate around the fixed 
erank-pin, and are accordingly eccentric to the cylinders, twice the 
eccentricity being the amount of the piston stroke. 

The rotation of the cylinders is caused by the side pressure of 

pistons on the working barrels arising from the obliquity- of 
jie connecting-rodp during the running oi the engine. 

Fig. 61 shows a longitudinal section through one cylinder, the 
^t^k-case, and the fixed crankshaft of the seven-cylindered 60 
Gnome engine. 

UThe CrankakafL—Tha nickel-chrome steel fixed crankshaft 
parts,* A and B ; these are connected together at^the cranky 


^jn oy a caretuiiy nttecl joint, partly coned and piirtly 
j.'as shown, the two parts being held together by the nut C, wkl® 
, itself locked by a set-screw and plate; relative angular movei^ 
of the hollow and solid elements of the crank-pin is prevented r 
the taper pin D; this separation of the crankshaft is nece,ssary' 



Fig. 59.—Seven-cylinder Gnome rotary engine, front view. 


t-t, two large ball bearings EE and the cage FF carrying 

id ” pins to be placed in po,sition. j 

HR ^ to two plates GCt,. 

Lt-’ aeroplane frame by the light steel .castings KK and* 

^ , r'llie driving torque reaction is positively resiisted by thel 
^key M; in the design shown, the engine and propeller are tfiusl 
loverhung. c wi 

^ Gormecting-rods. - The seven nickel-chrome steel conneotin^H 
are of H section; one of them, 3|‘ cranks in length betw^^ 



“maater-rod ’’-shown at N.-is in one piece, an| 
Pmngid TOth the cage FF which carries the six hollow steel pins' 
“big ends” of the remaining six rods are 
^tached_, fh^e pms P are prevented from turning in the cage by 
snugs _ as shown. The arrangement of the seven rods is clearly 
Shown m the "section at XY” on the left-hand side of fi... 61 



Fiq. 60 . —SevcD-pylinilei Cltiome eni'iue, sMcview. 


The function of the master-rod is to render definite the position of 
the cage carrying the pins P during the running of the engine; 
^other devices for attaining this end have already been described in 
(TO^nection with the Anzani and Salmson engines. 

", The arrangement adopted in_the Gnome engines causes the 
;lnaster-rod to be in effect somewhat longer Ahan the others, and 
Wi^s also the position, velocity, and acceleration of the six sub- 
wOiary pistons to be somewhat affected; in practice, however, this 
not appear to prejudice the smooth running of the engine. Tlie. 
julwidiary rods Q have, bronze-bushed solid-eyed “.big pnd^ 


’bush being prevented from turning in its ejre 
^-supply hole by a small key K 

The gudgeon ends are similarly bronze-bushed solid eyes 
'(m hollow steel gudgeon pins; these pins are fixed by a sirti^ 

W are held in place by the singular device of a thin copper 
T, turned over at each end, as shown, on to recessed washers w^d^ 
bear upon the steel forks U earrying the pins. The ends of thi^; 
copper tube are turned over by a special tool, and in order to; 
remove a gudgeon pin one end of the tube must be cut off, a new 
‘ tube being necessary each time a gudgeon is replaced; this m^a. 
of fixing is neat and has proved very effective. The steel citing 
■U abuts against the lower surface of the piston crown, and into it. 
is screwed the steel piece V, in the top of which the inlet valve¬ 
seating is formed. 

Pistons'—The pistons are of a very tough cast-iron, with very 
thin cylindrical part, and somewhat thick crown; the length of 
piston is about 0-8.5 of the cylinder bore. Each piston is -fitted 
with two spring rings, the upper being a broad, thin, flexible band 
of bronze of L section backed by a cast-iron packing ring, while 
the lower is a normal cast-iron spring ring; the thin bronze ring 
adapts its form to that of the cylinder bore much as a cup-leather 
in a bicycle pump, and thus preserves gas-tightness even should the 
cyHnder become slightly distorted by unequal heating in working. 
The gap of the bronze ring is usually placed on the leading side of 
the cylinder, that of the cast-iron packing ring behind being at the 
opposite end of the diameter; the gaps of all the rings must te no| 
less than 1 mm. wide, when in place, to avoid risk of jamming io 
the cylinder through expansion when heated during working. 

The Cylinders.—The cylinders are of nickel-chrome sted 
machined out of solid ingots, the cooling fins being left on in tte 
-process of machining; it will be noted that these fins increase in 
length towards the combustion chamber end, partly to confd 
.increased strength on the explosion chamber, and partly to 
lincreased heat-radiating surface. As the leading surface of 
ieylinder meets more air than the following part, it tends to l^iff 
imore cooled, and this unequal cooling tends to cause .distortion | 
'<^6 working barrel, which again results in more rapid we«!^^ 
iwlne cases an attempt is made to reduce the cooling inequality^ 
Earning the cooling fins eccentrically upon the cylinder, so, tha|i^ 
-f^jrimiim radiating surface occurs on the following -half. 



thickness of the working barrels is only 1| i^| 
less than one-sixteenth of an inch, and great care 
^^ihgly be used when fitting up or dismantling the engine 1 
to avoid strains which might distort their form. ^ 

, At the outer end of each cylinder a large circular hole screwe 
wilji an internal threap is left; this is filled by the casting A 
carrying the exhaust valve, which is secured in place by the ligl 
annular nut W. At the inner end the cylinder barrel is mac 
somewhat thicker, and has also two collars, Z Z, loft upon ii 
between these collars the barrel is gripped by the two parts < 
the steel crank-case Al, which are bolted together as show 
at B1; the cylinder is prevented from turning in its seat by tl 
light key Oil. 

The stress upon a transverse section of the working barrel is 
maximum, in an axial direction, at the instant of explosion; tl 
maximum explosion pressure in normal working may be take: 
roundly, as 300 lbs. per square inch; as the bore of the 60 H.l 
Gnome engine is 4’73", this corresponds to a momentary los 
on the cylinder end of 5270 lbs. weight; to this must be adds 
the load due to the centrifugal fo; je arising from the rotatic 
of the cylinder arouud the crankshaft axi.s. If we consider 
section of the cylinder taken at the lower end of the combustic 
chamber, i.e. level with the upper surface of the piston crown whc 
this is at the top of its stroke, then a rough estimate leads to tl 
conclusion that the mass beyond this section—including the con 
, bustion chamber, exhaust valve and cage, plug, rocker, push-ro 
etc.—is, roundly, 3 lbs., and may be regarded as rotating at 
mean distance of 1-25 feet from the crankshaft axis. The normi 
speed of 1200 revolutions per minute corresponds to an anguli 
velocity of 125'6 radians per second, and hence the centrifug 

: force created is ^ ^ ^ roundly, 1845 lbs. weigh 

hence on this transverse section of the cylinder the load durit 
yVorking fluctuates between 1845 lbs. weight and (1845-)-527( 
'j.«7115 lbs. weight. ' ' 

J.-' Now the cross-section of the cylinder Ijarrel is a tube of 4'1 
Srachesdiameter and 0’059 inches in thickness; hence there is ji 
i^rea of xX4‘73x’059=0’877 square inefies; the correspondn 

■’Sawile stresses created are = 2100 lbs. per square inch, ^ 



P®*" inch, approximately, and 

™ . , . , . . 

jquite low m value, notwithstanding the extreme thinness .of 4i|iKJ 
‘(gyUnder barrel. ’ 

- The CmWc-crtse.—The crank-case is of steel, in five parts, the- ^ 
,-central two Al, which hold the cylinders in place, being connected 
.together by a .spigoted bolted joint, as shown at Bl. At the left- ' 
^hand end is the cam-box, formed of a steel casting Cl which is 
'•closed by a fourth casting D1 formed in one piece with the coned 
iextension El, to which the propeller is attached. At the right- 
hand end is the “thrust-box,” formed of a fifth steel casting FI 
which is closed by the largo screwed steel nut Gl, formed in one- 
piece with the gear-wdieel Hi which drives the oil-pump and. 
magneto. No aluminium is used in the construction of the Gnome 
engines. 


: The whole crank-case, with the cylinders and attached gear, 

/are borne on the fixed crankshaft by the four ball bearings shown, 
'that on the right taking the axial thrust of the propeller; the 
,"manner in which these bearings are housed is clear from an 
! examination of the sectional view given. 

1 Lubrication .—In the design shown in fig. 61 oil is forced by 
S.the gear-driven oil-pump J1 along pipes K1 and LI to the crank- 
ipin and distance-collar Ml respectively; from the ends of Ml it 


'issues and lubricates the two ball bearings in the thrust-box FI. 
^In the crank-pin the oil passes along the ducts shown, lubricating 
j^Jie several “big-end” pins and ball bearings of the cage FF; 
^passing further towards the left, along the hollow crankshaft, the 
pupply reaches the cam-sleeve D2. The gudgeons, cylinder walls, 
jjbappet guides, cam gears, etc., are served by the oil which exudes 
pEtom the directly lubricated bearings and is whirled outwards by 
|oentrifugal action; sulEcient unburnt oil from this source passes 
l^hrough the cylinders and, issuing with the exhaust, lubricates the 
iSexhaust valve stems and rocker fulcra. 

g; The lubricant generally employed in the Gnome engines is ! 
pMtor oil; this is contained in a tank placed above the pump level, 
pid which it flows by.grjivi^; in very cold weather this oil Incomes, ' 
^iry viscous, and is then frequently diluted with about 8 per ceni.^l 
methylated spirit in'order to increase its fluidity. , l 

—The carburettor shown in fig. 61 is of extremely^^ 
^(iple unjacketed, floatless, single-spray design, attached to 



^ I^Se^arid end of the crankshaft at Nj. me main an 
iy featers through the gauze-covered hole 01; the amount’^ 
ure is regulated by the hand-controlled throttle Pi; whei 
“““ ®“PPly is nearly cut off, air passing up through thf 
u^onstantly open holes Ql supplies an enriched mixture, small ii 
. quantity which enables the engine to continue running slowly 
..the snply of petrol to the spraying nozzle is hand-controlled bj 
the pilot. Simple though this carburettor is in its details, it has 
well fulfilled its purpose in normal flight service. 

The carburetted air proceeds along the hollow crankshaft to 
the interior of the crank-casc, and is thence distributed to the 
several cylinders during their suction strokes by way of the inlet 
valves fitted in the piston crowns. The crank-chambor is rendered 
gas-tight at the thrust-box end by a soft washer 111 pressed 
against the inner surface of the nut Gl, a.s shown. . 

Tgmtwn.—Ignition is by high-tension magneto SI; the engine 
being of the single-acting four-stroke type requires seven ignitina 
sparks during each two complete revolutions, while the magneto 
furnishes but four sparks per two revolutions of its armature; 
hence the magneto armature is geared to run at ie. one and 
three-quarter times the revolution speed of the cylinders. 

A lead from the high-tension current collector on the maoneto 
is connected to the highly insulated carbon brush Tl, fixed in the' 
casting KK, as shown; this carbon brush is maintained in contact 
with the face of an ebonite ring Ul fixed upon the outside of the 
thrust-box casting Fl, and rotating with it; the ring Ul carries 
seven equidistant metal plugs, each of which is connected by a 
brass wire Vl to one sparking plug. In the rotation of the 
cylinders each of these metal plu^s comes successively into contact 
with the fixed carbon brush Tl, and the magneto sends a firing, 
impulse at alternate contacts, the order of firing—as explained in' 
the account of the Anzani engines (Chapter V.)—being 1, 3, , 5 , 7, 2 
4, 6, 1, . . .; the working impulses thus occur at equal anmi’lar' 
•• 720 

intervals of ~ = 102f degrees of cylinder rotation. 

In the seven-cylindered Gnome engines the ignition is so timed 
fhat the firing spark passes when the 'cylinder is 26° before thSi 
^tion in which the piston is at the outei»end of its stroke; thfr^ 
Bme of explosion is such_ that at normal speed the maximu^l 
pif^re is developed just as’ the piston passes its outer dead c«nwi 



observ^ t^at 26“ is practwalff'^S* 

^|i[^iar interval between consecutive cylinders. A spa* 

^ 26° at a revolution speed of 1200 per minute im^ies 
‘^tplosion of '0036 of a second. 
jC' Valves .—The inlet valve W1 is an extremely light autom^ 
iljone-seated steel valve having a large radius at the junction ip 
item and disc, the stem being drilled down for m'oro than hal 
ats length in order to reduce its mass as mueh as possible; th 
jlalve is located in the centre of the piston crown, which is ordinaril; 
pm of the hottest parts of the engine, but is in this design.kep 
.cool by the periodic rushes of fresh cool gas through it. The centri 
fugal tendency of the valve to leave its seat is balanced by th 
iwo small counterpoi.ses XI, Xl, engaging with the lower pai 
iof the valve stem as shown; the spring is a light stool lamin 
jiridging across between these counterpoises in the design illustratet 
The spring adjustment must be carefully made, as upon i 
depends the instant of opening and closing of the inlet valve, an 
consequently the satisfactory running of the engine; the sprin 
is tested by inverting the piston and suspending a loaded scale 
j)an from a peg driven in the hole in the centre of the valve disi 
iln the 50 H.P. engines, for example, experience has shown the 
the best performance is attained when the valve just leaves it 
ceat under these circumstances when the total load amounts t 
lbs. ; in the 80 H.P. design the appropriate load is 8 lb. 5 oz. 
v The object to be attained is to cause the valve to open with th 
ilpast po.ssible difference of pressure between the cylinder an 
ilffank-chamber, while the spring must be strong enough to clos 
promptly at the end of the .suction stroke, in order to preven 
any regurgitation of the mixture. 

!{(;■ Automatic inlet valves have for some years disappeared froi 
iutomobile practice, but instances of their use still appear in a fei 
aero engines. Their delayed opening and early closing diminis 
volumetric efficiency of the engine; they are. also prone t 
AjJance” on their seats during the running of the engine, wit 
|**sulting earlier fatigue and breakage. Placed as in this design, i 
phe centre of the piston crown, the valve is somewhat awkward i 
’leach for examination or ftplacement, while a breakage may respl 
the whole charge of mixture in the crank-chamber being firk 
^jth consequences that may easily be serious. Though an immens 
:^>pTit of important aviation work has been performed by 



ff l^ification in which the inlet valve is in^g 
•W^SfseMed with'altogether; some account of this modifiS 
S later in this chapter. 4? 

Valve .—The steel 'cone-seated exhaust valve Y1 i^ 
^ of Very light design, with a short stem drilled along part of itsi 
^ to reduce its raaas to the uttermost, and held to its seat by 
he, light laminated spring shown; it will be remembered that 
laminated springs are used also in the Austro-Daimler aero engines, 
^Vhile such springs have for years been employed in the Lanchesteir 
oar engines; direct impact of the exhaust gases upon the sprino' is 
prevented by a deflector Zl. ” 

The exhaust-valve seating is formed in a casting A2 held ih; 
place in the cylinder head by the annular nnt W; this casting 
carries also the brniizc-bushed guide of the valve stem, the fulcrum- 
bracket of the rocking lover, and the valve spring support. The 
wntrifugal action during running tends to_pre.ss the exhaust valve 
firmly in its seating; the centrifugal force of the tappet- and push-' 
rods, on the other hand, tends to cause the valve to leave its seat; 
the spring is so adjusted as to leave a balance of force sufiicient % 
cause the valve to close promptly au the desired instant. The 
valve is operated by the light roller-ended tappet, thin tubulaiv 
push-rod, and rocker as shown; on opening, the burnt gases aCA^ 
discharged directly into the atmosphere. The unburnt oil passing! 
out with the exhaust formed an objectionable feature of the engine ’ 
in the earlier air-craft; the recent practice of housing the engine’ 
IB a “ stream-line ” casing has removed this source of annoyance. - 
The tappet-rods are actuated by steel-plate cams C2, seven io'^ 
Ml, keyed as indicated to a common bronze-bushed cam-sleeve D2.i 
ifid locked in position by the annular nut E2; at the left-hand enJ^ 
of the sleeve D2 is also keyed a cut steel gear-wheel F2, meshing'?' 
ptli two similar wheels G2 of half the diameter, these being united?:! 
ip wheels H2 which, in their turn, mesh with a wheel of equid^ 
tetmeter J2, keyed to the fixed crankshaft as shown; the view 
lower left-hand corner of fig. 61 shows clearly the arrangementil 
|,,;this epicyclic gear train. The wheels G2, H2 are carried 

K2 projecting inwards from the fiant-box casting Dl, and| 
pus. rotate with the crank-case around the tcrankshaft axis; twu| 
pairs are provided, at opposite ends of a diameter, in ord^S 
-^l^rve tte balance of the gear. Suppose, firstly, the engine 



1)6 of the ordinary type in which the crankshaftrOtlteiill^p^V, 
crank-case; then if J2 makes -1-1 revolution, H2 and con8^neW|;'| 
also G2 will make -1 revolution, and finally, therefore, F2 
make +i a revolution; so that in this case the cam-sleeVe woUjJ 
rotate in the same direction as the crankshaft, but at half the speed 
—which is the correct ratio for the cam operation. , ., 

The actual case is obtained by imposing a revolution -1 upon 
the whole system, in which case we have; 

Wheel .12 makes -1-1 -1 = 0 revolutions, i.e. remains at rest. 
Studs K2 make -1 revolution; this being the engine speed. 
Wheels H2 and G2 make -1 -1 = - 2 revolutions. - 
Wheel F2 makes -1- i -1 = " i revolution. 

Thus in the actual case the wheel F2—with the attached cams— 
revolves in the same direction as the crank-case and cylinders, but 
at one-half the revolution speed, as is necessary. 

Each cam of course actuates one tappet-rod, so that Gie axes 
of these rods are successively further from the axial plane of the 
cylinders, and the obliquity of the push-rods thus increases from 

the first to the seventh cylinder. • • cro 

The exhaust valve is timed to open when the erank-pm is bo 
from its bottom dead centre, and closes 13° after it has passed ite 
top dead centre; thus the opening is unusually early, a,nd the 
closiiKT somewhat late; this tends to cause better scavenging and 
to preserve a cooler cylinder, but involves the sacrifice of some ot 
the energy of the working gases, with consequent lessened economy 

in fuel consumption. . 

' An opening 05° before the bottom dead centre corresponds m 
this case to 0 77 of the working stroke; the usual exhaust timing 
in car engines is to'open about 45° early, and close about 6 late; 
45° early would here correspond to 0'89 of the stroke. ^ 

Accuracy of Balance.-With so comparatively large a rotating 
mass, it is of much importance that the balance be kept as accurate 
as possible; for example,although the cylinders are made as neai^y 
as can be identical in size, form, and quality of material, it is yet 
fohnd that individual cylinders differ in weight. Should a cylinder 
need replacement, a (fifference not exceeding half an ounce only v 
weight is allowed between the old and new cylinders, and tl^ 
lire carefully weighed against one another to ascertain 
4ifferenco <!oni6S within this limit. ^ 
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The Gnome.engine.s are started by pulling the propeller round 
by hand; the revolution is in a counter-clockwise direction as 
viewed from the front, i.e. facing the cam-box. 

Rwtmiwj and MainUnance .—When properly assembled and 
carefully driven, a Gnome engine should run for a total period of 
sixteen hours at full load without requiring any other attention 
than possibly renewal of faulty or carbonised sparking plugs. 
After this period the engine must be very carefully di.smantled, 



Fig. 62 .—Fourteen-cylijidered two-crank Guoino rotary pngiiie. 


and every part closely examined; defective parts arc renewed and 
not repaired. The reassembling of the engine demand.s equal car? 
and skill. Trouble is rarely experienced with the ball bearings, 
but some of the following parts usually need renewal due to wear 
or,fatigue after from 50 to 100 hours of service :— 

Exhaust valvqp, seatings, and rocker fulcrum pins. 

Tappet-rod pina , 

.Inlet valves,seatings,and guides; counterpoises and their pins. 
Exhaust and inlet valve springs. * 

Bronze piston rings and c^st-iron packing rings. _ 

Carbon tmsk, sparking, plugs, and wires. ^ 
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ABEO ENGINES. 


■ General .—In tlie Table below tbc leading particulars are given of 
the 1913 range of Gnome engines, exclusive of the then just intro¬ 
duced “ Monosoupape ” typo, wliich is referred to later. It will be 
soon tliat, in addition to the seven-cylindercd designs, there arc also 
engines of nine, fourteen, and eighteen cylinders. The fcjurteen- 
cylindorcd engines comprise two groups, each of seven cylinders, 
a.s8ociated together as shown in fig. C2, each group acting on its own 
crank-pin; the cylinders are alternated, so that the angular interval 

between consecutive cylinders is = degrees, while working 

impulses occur at intervals of twice this, viz. 51 j degree.s of angular 
rotation of the engine. 


bKAiuNG Particulars op tub “Gnome” Aero Enuinbs of 1913, 
KNCl.uniNu “Mo.xosorr vriis.” 


Hated 

horse* 

power. 

X'*. of 
tyliu- 
■ il’IS. 

Ilore 

III 

lll<-lU‘8 

stroku 

III 

iiK’lii't- 

Noni. 
iiial full 

ii|it‘e(i. 
Ifotw 
lull mill. 

Tfital 
wi-ijjht 
III Ihs.l 

IjRt 

price 

III £ 

ster¬ 

ling. 

Appios. 

I'lfcrMve 
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7 
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45 
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60 

7 
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4 73 

1200 
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65 
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(^S 0 
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80 

7 

4-8a‘^ 

fi ’^>'2 
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72 
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lOlO 
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2-9 

97 
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9 

4 *88 
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90 
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3-3 

9-8 
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14 
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4-73 
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308 

960 

90 
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870 
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3-4 
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2SI7 
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no 
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870 

68-0 

2-7 

9-45 

160 

14” 

4 83 
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1200 
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1400 
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1010 

72-6 

2-7 

97 

200 

18” 

4-^8 

5-90 

1200 

fi40 

1760 

180 

1100 

1080 

65-4 

3 0 

9-8 


Similai’ly, the remarkable eighteen-cylindered 200 H.P. engine, 
of which an external view is given in fig. 63, is made up of two 
nine-cylindcrod units associated together. In both the fourteen- 
and eighteen-cylindered designs two high-tension magnetos are 
fitted, each supplying one group of cylinders. 

These double engines are never overhung, but are always 
carried on two supports, that in front being fitted with a ball 
bearing in which the end of the propeller shaft is borne. 

In the oighteen-cyliridcrcd engine working impulses occur at 
each 40° of angular rotation of the cylinders; at the normal full 
speed of 1200 revolutions per minute the frequency of the impulses 
is thus 180 per second. 

' Weight includes that of magneto, carburettor, and oil-pump. 

* Two-crank enginea. 
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Fio. 63.-Eightc;cn cylindeied 200 H.P, Gnome rotary engine. 


at^.be8t, roundly, 90 per cent, of the rated power;’ in the aWe 
Table the e.stimates of piston speed, etc., are based upon these 
effective maxima of speed and pow^er. 

^ The piston speed is quite moderate in comparison with norma! 

’ The first seven-cyliiidercd 80 H.I’. Gnome engine wnstructed by the Daimler 
Motor Go. at Coventry was tested in October 1914 at 1100 r.p.m., and averaged 
about,64 B.H.P. during a coutin.naia run of HJ honr.s, i.«. jiu-t 80 per cent of 
Its ratine. - r ■ ■ 
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car-engine practice, while the value of tfp is also low—as is only 
to. be expected from engines with automatic inlet valves and 
specially early exhaust opening; notwithstanding this, however, 
the type produces a very light engine, the weight per effective 
brake horse-power being less than 3 lbs. in the popular 80,120, and 
160 H.P. models. 

No recent tost results have been published, but a test by Tl. A. 
Brewer in 1910 of one of the seven-cylindered .'iO H.P. Gnome 
engines showed a petrol consumption of about 0 (53 lb. per B.H.P. 
hour, while the consumption of lubricating oil aitiounted to nearly 

gallons per hour. Improvements since introduced in the 
lubricating system have somewhat reduced this large consumption 
of oil. 

The “ Monosonpape ” Gnome.—It has already been mentioned 
that there was first exhibited at Paris in 1913 the, ingenious single¬ 
valve or “Monosonpape” type Gnome engine, in which the inlet 
valve is altogether omitted; a sectional view of part of this en^ne 
is given in fig, 64, showing one cylinder, part of the crankshaft, 
the cam-box, and the propeller “ nose.” 

The piston is of cast-iron, with a thick concave crown connected 
.solidly by webs to the gudgeon-pin bosses to prevent distortion 
under the explosion pressure; it will be remembered that concave 
pistons are used also in the Green engine described in the preceding 
chapter. The Gnome Company at first used pressed-steel pistons 
in the Moiiosoupape engines, but later reverted to cast-iron of the 
design shown. 

The hollow steel gudgeon pin is here fixed in the pi.ston bosses 
by the usual device of a single steel sot-screw with a conical 
prolongation. 

The section shown in fig. 64 is of a nino-cylindered 100 H.P. 
engine having a bore of 4'33 inches and stroke of .I'OO inches; the 
master connecting-rod is shown as before, together with a portion 
of one of the remaining eight rods; comparison with fig. 61 shows 
a general similarity in the two “ big-end ” cages, though there are 
some small variations of detail arising from ar improved system 
of lubrication in the Monosonpape type. The cylinders, as before, 
are of nickel-chrome steel, but now project further into the crank- 
chamber and contain a belt of ports A A overrun by the piston 
when near the bottom of its stroke; this lengthening of the 
cylinders renders it necessary that they be cut av/ay to allow 
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clearance for' the connecting-rod swing as indicated. In the 
cylinder head is the massive steel cone-seated exhaust valve B, 
which is kept to its seat by the spring C, and actuated by the 
rocker and push-rod shown; the centrifugal force arising from the 
tappet and push-rod as before balances thaf of the valve, the .spring 
adjustment being such as to provide the necessary small cxce.s8 force 
to keep the valve seatc^d when tlie rocker is not acting ujam it. 

The valve is borne in a steel cage Dl) fixed in the cylinder head 
by the light annular nut K, as before. 

The exhaust valve is here of somewhat substantial proportions, 
in’ordcr to prolong its working life and resist the effects of over¬ 
heating, which are greater in this than in the normal type of engine, 
owing to the mode of speed regulation adopted. The air drawn 
into the crank-chamber now enters from the front of the emdne 
through the ojjcn end F of the hollow nose-piece GG, and passing 
inwards traverses the perforated end H of the petrol supply pipe, 
thus becoming richly carburetted; under normal running conditions 
the mixture thus formed is .so rich as to be non-explosive. 

Suppose the piston to be performing its downward woi-king 
stroke; the exhaust vah'e is opened ea'-ly, allowing the burnt gases 
to escape into the atmosphere, so that when the piston overruns 
the ports A A the pressure within the crank-chamber and that 
within the cylinder are approximately equal, little or no flow of 
gas accoi-dingly taking place in either direction through the ports. 
On the succeeding up-stroko the exhaust valve remains open as 
usual and the residual exhaust gas is discharged. The piston next 
commences its downward suction stroke, but instead of the exhaust 
valve now closing it is held open until about one-third of the 
suction stroke is performed, thus permitting fresh air to enter the 
cylinder; the exhaust valve being closed and the downward motion 
of the piston continuing, a partial vacuum is created within the 
cylinder; accordingly, when, near the end of the suction stroke, the 
piston overruns the ports A A, some rich mixture from the crank- 
ohamber immediately enters the cylinder, and mingling witlf the 
fresh air within forms the explosive charge for the next impulse. 
The subsequent ascent of the piston compresses this charge into 
• the combustion chamber, when it is fired, abd the working stroke 
follows as usual; the cycle is then repeated indefinitely. 

_ The engine thus works i^on the four-stroke cycle, but employs 
only a singje valve; the rapidly alternating currents of exhaust 
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gas and fresh air through the exhaust valve create a fiharacteristic 
noise in these Mono.soupape engines, and obviously, also, it is 
impossible to emjdoy any form of exhaust-silencing apparatus. 

Speed regulation is effected by varying the extent and duration 
of opening of the exliaust valve by a .system of linkage J K,. hand- 
operated by the pilot through suitable connections; this linkage 
gives an angular motion of adjustment to the .sleeve L, which 
canics a system of subsidiary rollers M fitted on hinged arms N; 
from those arms the several valve tappet rollers f) arc actuated .as 
indicated in tig. 64. Thi.s mode of i-egul.ation w.as found to cause 
rapid burning of the exli,au.st valves if tlieso were made very light; 
by adopting a more ma.ssive design fhe ditlieulty has largely been 
overcome. 

The p(drol issuing from the perforated pipe 11 into the crank- 
chamber is supplied by a small i'oi'ce-{)ump, the quantity delive.red 
being thus proportional to the engine speed; the mi.xturc in the 
crank-chamber is normal!}■ so rich a,s to be non-explosive,'and 
hence there is no risk of it being fired by the residual exhaust 
when the ports A are in communication with the .sp.ace above thy 
piston. The supply of air being taken in at the front of the engine 
tends al.so to safety in working, while the petrol being wholly 
vaporised within the crank-chamlx'r tends to keej) the engine cool, 
and, conversely, there is no carburettor to freeze uj) at high 
altitudes; the petrol supply pipe is carried along the hollow crank¬ 
shaft, and through the crank-pin and craidc-cheeks, and terminates 
at H as described. 

These Monosoiipape engines are capable of running down to the 
low speed of about 200 revolutions per minute, while their output 
is claimed to be slightly in excess of their rated power. 

The lubricating dofaiils show an improvement upon those in the 
ordinary two-valve engine; it will be noted that the gudgeon 
bearings are now po.sitively supplied with oil passing outward.s 
from the “ big-end ” cage along the hollow webs of the connecting- 
rods, while the oil exuding from the gudgeon bearing is led by the 
two ducts shown to the cylinder walls. The cain-sleove, cams, and 
cam-shaft gears are also positively lubricated by oil supplied from 
the left-hand portion of the crankshaft through the several ducts 
indicated in the sectfon; positive lubrication is also provided for 
the fulcrum joint of the rocking lever.^ 

^ In 1914 the Gnome Monosoupape engines were built in two 
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Bi?es, rated as_of 80 and iOO H.P. respectively; the leading par-, 
ticnlars of these are given hereunder:_ 


‘ No, of Bore, 
ritihg. • , cylinders. inches. 

.80 '7 4-33 

100 9 4-33 


Stroke, 

inchoH. 


.5-9 

5-9 


Speed, List price, 

rp.m. fjierH.P. 

1200 » 7-5 

1200 8-8 


The weight per H.P. is sliglitly less than that of the two-valve 
type. 


The skill evidenced in their design, the care and attention 
bestowed on every detail, and the excellence of coiistruction of the 
Gnome engines, with resulting reliability in service, combine to 
.maintain this type in the high position it has deservedly won in 
the world of aviation. 


The “Gyro ” Rotary Engine.—This American seven-cylindered 
air-cooled rotary engine is shown in external view in fig. 6.5. 

The cylinders are of 3 per cent, nickel .steel, with the exhaust 
valves in their heads operated by push-rods and rockers; the 
pistons are of steel, with two ring.s, as in the normal Gnome engine 
already described. The crankshaft is of nickel-chrome steel, carried 
in ball bearings within a thin crank-case of vanadium steel; the 
crankshaft is, of course, fixed, and tixe crank-case and cylinders 
rotate around it. 

The inlet valves were at first located in the piston crowns, as in 
the Gnome engine, but were actuated in a special manner;' in the 
1914 design, however, these inlets were abandoned and replaced by 
the device diagrammatically shown in fig. 66. 

This consists of a cam-operated piston valve C working within 
a cylindrical ca.sing B, which communicates with the cylinder by 
means of ports A, overrun by the working piston. The top of .the 
pasing B communicates with the exhaust pipe, or directly with the 
atmosphere, while the bottom is connected to a supply of super-rich 
carburetted air contained in a easing on the opposite side of the 
crank-caae. 

II During the working stroke of the power piston P, the piston 
valve C is moving downwards, so that when P overruns the ports 
A, the valve C is in the position shown in fig. 66; the bulk of the 
, exhaust gas immediately escapes through tie ports A, vid the top- 
,;of B, into the atmosphere. It will be noted th.at a silencing apparatus' 
-can readily be applied to this portion of the exhaust. 

' For an iHustrated account of these, see Proa lA.E., vol. viL pp. 90-91. 



, Hie subsequent up-stroke of the power piston P scaven^ 
remaining burnt gases through the now lifted exhaust valve p. 
During part of the following suction down-stroke of P the valve 
D remains open—as in the Monosoupape Gnome engine already 
described,—thus admitting .fresh air to the cylinder; D is then 
closed, and the continued descent of the piston P creates a partial 



Fio. 65.—External view of the 80 H.P. “Gyro” engine. 


vacuum above it, so that when the ports A are overrun a rich 
mixture enters by way of the lower part of the casing B, as ths 
piston valve C has by then moved to the top of its stroke, thus 
connecting the ports A with the supply of richly carburetted air. 
... This rich mixture miigles with the air already in the cylinder in 
. the correct proportion to foim the explosive charge of the next' 
-working stroke. 

, The ascent of the piston next compresses this charge, whic^, 
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%a fir^M.naual; the engine thus operates on the-four-stroke 
cyck, with oaly one valve, viz. B, exposed to the pressure of the 
explosion. 

^<Joption of the valve C an auxiliary exhaust is obtained 
Without any risk of affecting the- carburi^tion, and as thfe ports A 
serve both for exhaust and admission, overheating of the cylinder 



walls in their vicinity is avoided. The exhaust valve D—usually 
ijie hottest part of the engine—is here not only relieved of* the 
duty of passing out the bulk of the exhaust gases, but is also kept 
cool during running by the periodic inflow of fresh air to the 
cylinder as described. As already pointed ®ut, the major portion, 
of the exhaust issuing from the top of B pan be easily silenced, 
hilt it is obviously impossible to apply any silencing device to the 
exhaust valves D. 
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;The 80 ■ H.P. Gyro engine runs normally at ahoatciZ^o- 
tions per minute, and with all immediate aoeessories is Baitf W 
w6igh only 200 lha., which is 2'6 lbs. per rated horse-power. •/. ^ 
The “Le Rhone” Engines.—These are air-cooled rotary ^gines 
having sSven and nine cylinders' in single-crank, and fourteen? wnd 
eighteen cylinders in double-crank designs. An external vi]Sw6f 



Fio. 67.—Eighteen-cylinder 160 H.P. ** Le Rhone” rotary engine. 


the eighteen-eylindered 160 H.P. type is given in fig. 67; the two 
’crank-throws are mutually at 180°. ; 

• “ ■ These engines are constructed almost wholly of steel, but a., 
noteworthy feature of the design is that thin cast-iron linere aife 
.shrunk into the steel cylinders to improve the surface of the 
WOTking barrels and reduce piston friction. 

Both exhaust and^inlet valves are located in the cylinder head, 
.’Wd are mechanically'operated by one push-rod and rocker ; thj|;: 
lif^huretted mixture is formed in the^ crank-chamber, and 
■^litibuted to the several inlet valves by a system of radiating p^i^ 
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r ia iJiA iHostratiicjtt. The exhaust valves are plated on the 

..front, or. leading face, of the engine, so as to derive as much benefit 
po^iblc from the cooling action of the air; the inlet valves and 
^•^ piping are ’at the rear. 

The seven-, nine-, fourteen-, and eighteen-cylindered* engines 
^are'rated at 50, 80, 120, and 160 H.P. respectively^; in all,cases 
* the cylinders have a bore of 4 ] 3 inches, and the stroke is 5-52 
inches, with a normal speed of 1200 revolutions per minute. The 
weight in lbs. per rated horse-power ranges from 3'67 in the sevon- 
cylindcred, to only 2 9 in the eighteen-cylindored design. 

• TheD’HenainRotaryEngine.—In theseven-cylindercd 50 H.P. 
air-cooled rotary D’Henain engine the rather daring course has been 
adopted of making the cylinders and crank-case of cast-iron in one 
piece; both valves are mechanically operated, and the mixture is led 
from the crank-chamber t* the inlet valves by a system of radial pipes. 

The Clerget Rotary Engine.—Yet another seven-cylindcred 
ai^^coolod rotary aero engine is the 80 H.P. Clerget, with the usual 
steel cylinders and crank-case. Both inlet and exhaust valves are 
in the cylinder heads, and are mechanically operated by push-rods 
and rockers, the charge being deliver id to the inlets through a 
system of radial pipes, as in the case of the Le Rlioiie and D’Henain 
engines already mentioned. , 

The early success of the “ Gnome ” as a flying engine has caused 
inventors to devote a large amount of attention to engines of the 
rotary type, and a great many designs, some of remarkable in¬ 
genuity, have been produced, though none has, so far, achieved any 
lasting practical success. For example, in the (two-throw crank) 
six-cylindered 60 H.P. “E.J.C.” air-cooled rotary engine, both 
cylinders and cranicshaft rotate, of course in oppo.site directions; 
there are two propellers, one of which is attached to the crank-case 
8s in the normal type of rotary engine, while the other is affixed 
to the end of the crankshaft. The absolute revolution rate of each 
_4epends only upon the resistances opposed to the two rotating' 
systems; it is stated to be usually found that the crankshaft makes, 
xoundly, 1200 reYolutions per minute, and the crank-case and 
.cylinders 800 revolutions per minute, so that the relative revolu¬ 
tion rate is about 2000 per minute. 

The Buriat Rotary Engine.—One of .the most remarkable 
. . ‘ There is also a 100 H.P. engine having eleven cylinders acting on one crank- 
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.rotary endues so far proposed for use In. aviation m that of 
Buriat Brothers (1904),' in which not only do both cylinders and 
Crankshaft turn in the same direction, but the crankshaft rotates 
twice as fast as the cylinders. One of these engines as exhibited 
at Paris in 1905; thefdesign-exhibits further peculiarities jvhich 
will now be explained. • 

The geometrical fact upon which the action of the engine is* 
based is that every point upon the circumference of a circle rolling 
within a second fixed circle twice as large, describes a straight 
line which is a diameter of the larger fixed circle. 

This is easily shown; for, in fig. 68, let the smaller circle have 
rolled from OP to OC, so that its centre has described the angle 
POC about 0; join BQ. 

Then the angle QBC is evidently twice the angle POC; that is, 

• “ twice BC. 

■Radius BC 

Hence we have Arc QC = Arc PC. That is, in rolling through . 

the angle POC, the point Q 
on the circumference of the 
rolling circle, starting from 
P, describes the straight line 
PQ; thus, as the rolling pro¬ 
ceeds, Q describes the com- , 
plete diameter PP'. As this 
P" result is true for any point 
on the circumference of the 
rolling circle, the proposition 
is proved. 

Observe next that as the 
circumference of the fixed 
is twice that of the rolling 
circle, the latter makes plus 
^ two revolutions on its axis in the direction of the arrow during 
one complete tour; but as its axis makes minus one revolution^n 
• the same time, the rolling circle makes only -1-2—1, that is, plus 
•‘ ojte revolution per tour relatively to the plane of the fixed cirelei 

■ The arrangement Mopted is claimed to have been first invented hy Sir ft 
' Parsons about 1877 and proposed for use as a steam engine (the “epieyclbi(^|d^ 
'tjenglne), and again re-invent^ as a four-cylinder internal-combustion engine^ 
Mr Abraliam'about 1888. 



Fw. 68.—The “etittight-line** hypocycloid. 
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Also during one complete four of the rolling circle the point Q’ 

. moves from P to P', and back again to P. 

Denqte PQ by OC by 2r-; POC by 0; and the (uniform) 

*ugular velocity of OC by a,; then ^=<o, ajid is constant.. 

Ihus a/=OP—OQ= 2»’—2r cos 0=2r'(l —cos 0) gives the*posi- 
aon of Q in terms of 0. 

The velocity of Q is ^ = 2r sin 0 x = 2uir sin 0, and is thus 

proportional to CQ, while its acceleration is ^ = 2(<)V cos 0=0)* 

at- 

X QO, so.that the acceleration of Q is always directed to 0, and is 
proportional to QO. Thus the 
point Q has a simple harmonic 
motion about 0,- similar* to 
that, of a piston with a con¬ 
necting-rod of infinite length, 
and stroke PP'. 

Next 8uppo.se that to the 
whole system of fig. 68 is 
communicated a rotation of 
-t-1 about the axis 0; this 
condition is illustrated in 
fig. 69. 

In this case the axis B of 
the smaller circle becomes 
fixed, and this circle now 
' rotates about this fixed axis 
at a speed -(-2 —l-kl=-)-2, while the formerly fixed larger circle 
now rotates about its axis 0 at a speed •+1; thus the smaller 
'cirde rotates at twice the speed of the larger, and in the same 
direction—a result that is obviously true, as the case now becomes 
■,qne of a 2:1 internal gearing. 

Through any point Q on the circumference of the smaller circle 
,4ra’'^ the diameter PP'; then while the small circle makes t'fro 
.revolutions about its axis B in the direction of the arrow, the large 
t^iiole and the diameter P'P together make ^ne revolution in the 
«ame direction about the axis 0, and the foint Q moves from 
'^•'^9 r to P in a nlane fixed to and moving with the 

circle. • . 
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In the Buriat engine, fig. 70, B becomes the 
shaft', BQ’ the crank; Q the crank-pin; while BT materiiS^'/ 
into a rigid rod, eye-jointed to the crank-pin Q as indidated, 
produced as shown; each end carries a piston S, sliding i|»;a,*: 
cylinder, these cylinders forming one with the large circle, and ; 
rotating with it about the axis 0. 



Fio. 70.—Diagram illustrating the Buriat rotary engine. 


Thus the Buriat engine possesses the singularities of (1) a 
, ,,single connecting-rod rigidly fixed to two opposed pistons 
(2) the cylinders and casing turn about the axis 0 in the saipe 
direction as the crankshaft turns about its axis B, but at' only oi^i 
", ,half the speed; and (t) each piston has a stroke equal to/ow. tim^; 
the crank radius BQ", and performs this stroke while the cra^r 
. {diaft makes one complete revolution. ^ 5 "i 

, I ■ Actually a two-throw crankshaft was employed-, witt ;.pi| 
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tiutoWB at-ISO', trad'a second pair of cylinders was mounted on the, 
^ing with ihmr coramoa axis at right angles to that of the first 
indicated by TQ'T in fig. 70. The engine was arranged 
tt» work bn •the four-stroke cycle, so that the crankshaft made fouxi 
khd the cylinders two, revolutions per cycle.j * 

■ The trunnion bearings in which the cylinder casing revplved 
‘were firmly supported in a rigid fixed frame which carried also 
the two bearings of the crankshaft; the axis of the crankshaft 
was placed exactly parallel to, and distant exactly one crank radius 
from, that of the trunnion bearings; the air propeller was attached 
■to ane end of the crankshaft. This Buriat aero engine has not, so 
far, succeeded in practice. 

The Demont Engine.—Very light though the single-acting 
rotary aero engine already is in proportion to its power output, 
inventors are constantly endeavouring to reduce still further Wie 
proportion of weight to power, and one direction in which this 
object may poasibly be attained is by einploying (fowWe-acting 
cylinders, i«. cylinders in which explosions are caused to occur 
on each side of the piston in succession. The great practical 
difficulty with double-acting cylinders is to keep the pistons from 
overheating; though such cylinders are regularly and successfully 
used with oil- or water-cooled pistons in ,very large stationary 
engines running at from 100 to 200 revolutions per minute, the 
high revolution speeds of automobile and aero engines render oil 
or water circulation through their pistons entirely impracticable. 
It is, however, conceivable that an effective arrangement of air- 
cooling the pistons might be devised, and Messrs Demont of Puteaux 
have been enterprising enough to attempt this in an interesting 
engine which was exhibited at the Paris Aero Exhibition of 1913. 

The 300 H.P. Demont six-cylindered double-acting air-cooled 
Totary aero engine is diagrammatically shown in section in fig. 71; 
the working barrels of the cylinders with the usual cooling fins 
will be recognised, but the pistons here take a quite unusual form, • 
efich being in two parts, and each part comprising a trunk A «nd 
flanged disc B; this latter forming the power piston; the two parts 
Ire united together by the central bolt C, as indicated. ■ , 

‘Both working pistons and trunks are fitted with spring rings . 
i|o -efisure gas-tightness, while the avoidance of overheating is 
ttfempted by causing a current of air to pass radially outwards 
'Ijp^ the crank-case through the inner trunk, round “the" piston, 
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and finally into the atmosphere by way of the outer ttunk-v>aiS 
shown by the arrows; this air-current is assisted by the centrifugal 
abtion of the rotating engine. Each piston contains a baffle plate' 
D-with a large rim of circular section, and it will be noted that ■ 
the innet surfaces of the piston are provided with fins to the 
cooling action of the impinging current of air. 

In the design illustrated, the external diameter of the trunk is‘ 
0-4 of that of the cylinder bore; as the swing of the connecting- 
rod must be contained within the trunk, the stroke of the engine 
is necessarily relatively short, and in this case is but 0'4 of the 
bore. The connecting-rods are hollow, of circular section, and 
relatively long, the length between centres being 2-65 times the 
stroke; the mode of attachment of the gudgeon pin to the piston 
is clearly shown in the figure; the non-adjustable big ends are 
forked, and threaded upon a long sleeve-bush E, as indicated; the 
axes of the six cylinders accordingly lie all in one plane normal to 
the crankshaft axis. 

The crankshaft is fixed, and the crank-case and cylinders rotate 
bodily around it upon the ball bearings shown; an external ball 
bearing F, supported in the aeroplane frame, relieves the crank¬ 
shaft of any bending action due to overhanging weight. 

The valves are placed with their axes parallel to that of the 
crankshaft, and are actuated through the system of linkage 
indicated by twelve face cams H carried on a sleeve mounted on 
the crankshaft and driven at half the engine speed by an epi- 
cyclic train K, whose action is similar to that of the Gnome engine 
already described {q.v.). 

As the engine is double-acting, there is an inlet and an exhaust 
valve at each end of each cylinder; the exhausts are placed in front, 
so as to benefit from the cooling action of the air-stream meeting 
the engine, while the inlets are on the rear face and are supplied 
■mth carburetted air from the hollow crankshaft through the ports 
, ‘X and mixing chamber M. 

Double ignition is shown, with a sparking plug fitted in eaih 
vdve pocket; the plugs in the exhaust pocke^ are unlikely to 
give very effective ignition. With a single high-tension magneto of 
• the nofmal two-sparh type, its armature must be driven at three'j 
times the engine speed. - 

-' It will be bbserved that this rotary engine has an even nnmbea- of. i 
f cylinders, viz. six, operating upon ont crank-pin; notwithstan^^'; 
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Thus e^h pair of cylinders furnishes one impulse per stroh, 

,ge impulses per revolution; as there are here three pairs d{‘;4| 
^toders, there are consequently six impulses per revolution ’ 

®“P«lar intervals of 60°, from the six cylinders. If the en^lHt 
^e.2000 revolutions per minute, this corresponds to 12,000 impuM'^ 
n^iiute or 200 explosions- per secoTid. ' * 

gTfio c^i^ers have e bore of 6-9 inches and stroke of only Slil^ 
^h^, and the engine is stated to have a normal speed of 20b^'j| 
^lutions per minute ; for an output of 300 B.H.P. this woul#^ 
WWwpond to a value of ^ of 100 lbs. per square inch. The ovei#^* 
diameter of the engine is about 2 feet 6 inchea ■ •’? 

^his interesting engine is stated to weigh only 220 lbs., (w#l 
^radmg .to the very remarkable figure of but 0-73 lb. per rate^l^ 
; so far, however,lio accounts appear to have been 
^ny actual performances. ^ i, 

^Wo-stroke Cycle Rotary Aero Enginea—All the en^«« 
l^ouSly described herein operate upon the “Otto” or 
we., (^cle, in Vhieh each single-acting'cyli'nder only furnisSih® 
^^king impulse in every two revolutions. Another 

inventors have attempted to still further rednqe'iS 
g^iv,eight to power in aeroengines isby the adoption of J|[ 
^ele of operations, bv which the ™ 




m. 




'working' tiiii>ul8es, per eyfinfler io'^aTb^ ;■ 
of .'Weigliit-power ■ relation w6uM_’ lie r^h^'lde*p^'5^ 
afficienoy two-stroke double-acting rotary engin^ bwli'si^-^f^® 
realisation is not yet in sight; several.‘singie-Sibl^f’ 
rotary and radial aero engines have, however, already be^ 

- The first commercially successful two-stroke interhatf^^ktiSi;:: 
tion engine was that invented and developed by Dugal^ 
hetwefen 1878 and 1881; a diagrammatic section is givemin 
The power piston A, when near the bottom of its stroke, overruji^ 
a belt of ports B, through which the burnt gases at once escape jntfi? 
the atmosphere, as indicated by the arrows. - i'?- 

CC is a charging pump driven by the engine, by' whicsw; 
carburetted air is drawn through the carburettor D, and automatic, 
suction valve E, and delivered through the pipe FF and automatle' 
inlet valve H to the top of the combustion chamber. . 

As arranged, it will be seen that when the power piston A is ne£r 
the bottom of its stroke, the pump plunger is moving rapidly 
towards the left, compressing its charge of carburetted air; sosoohy 
' therefore, as the pressure within the power cylinder is relieved by 
the exit of the burnt gases through the ports B, the superior 
pressure above H causes this valve to open, and fresh mixture—At 
a pressure of 3-5 lbs. ner square inch, immediately flows into, the 
cyUnder, displacing the burnt gas and assisting its escape. To 
render this action most effectual, and at the same time to guard 
a^inst loss of fresh mixture through the ports, B, the combusti«i^ 
head is made of the expanding conical form shown in the dia^aj;^j 
fii^hausting and charging thus occur simultaneously in the Cl)!^ 


two-stroke cycle engine. - v 

The piston on its up-stroke first covers the ports B and thear 
.fcompresses the entrapped fresh mixture, the valve H automatically 
closing as soon as compression begins; at or near the top of.t^ 
stroke the compressed charge is fired by the ignition plug K, 

^e working stroke follows; hence every down-stroke is a worki^ 
stroke, and this engine accordingly gives one working impulse 
•single-acting cylinder per revolution. ' 

!' j If the clearing-out or “ scavenging ” of the exhaust gaseS 
^ complete as in a four-stroke cycle cylinder, and if as 
^bbntity of fresh mixture could be introduced in each charge;jM!| 
the mechanical efiSciency of the two-stroke engine cOuld 

as’that of the other, then the two-stroke en||py?®p|i|i 



of air-cooled two-stroke Clork-ovcle netrol 
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,■ develop fcha same brake mean effeciave pressure as its 
and hence'at the same revolution speed would ^ve 
much B.H.P. ■ _ . " 

■ In practice, however, this is not realised; the burnt gases 
escape during the short interval of time that the exhaust ports B 
remain open at the end of each working stroke, while the fresh 
charge has to enter the combustion chamber in practically the 
same interval; thus the scavenging is imperfect, and hence the' 
amount of the entering fresh charge is less than in the four-stroke-' 
engine, wherein there is rather more than one complete stroke given 
up to each of the operations of exhausting and charging; moreover; 
the presence of the rather bulky charging pump reduces the 
mechanical efficiency of the engine. 

Engines operating on the Clerk two-stroke cycle have proved 
very successful in the case of large stationary motors running at' 
revolutions speeds of only 75 to 150 per minute, and many of th^e, 
of very large power, are at work, particularly in the well-known 
Koerting and Oechelhauser types; the defects of the cycle are, 
however, aggravated in the small quick-speed petrol engine, and 
accordingly the two-stroke car or aero engine has yet to establish 
itself in favour. About 1912 a small quick-speed two-stroke Clerk- 
cycle petrol engine was produced substantially as shown in fig. 72, 
(except that it was water-cooled), known as the “Dolphin” 
engine; this showed a fuel consumption at full load and 1000 
revolutions per minute of only 0'68 lb. of petrol per B.H.P. hour, 
with a power output estimated as 1'56 of that of an equal-sized four- 
stroke engine. Though a well-designed engine, the gain of power 
by the adoption of the two-stroke inode of working was thus only 
56 per cent., while the addition of weight due to the charging pump 
probably resulted in the weight-power relation being increased 
rather than diminished. 

A very ingenious form of the two-stroke cycle engine vm 
/’invented by Day in 1891, and is shown diagrammatically in fig, 7,3;,' 
; He dispensed altogether with a separate charging pump by cauBif||‘ 
: the crank-chamber CC to perform this function, the lower part ot 
" the power piston acting as the pump plunger; he contiiv^, 
•■.moreover, to dispensfi with the inlet valve by arranging for 
power piston itself to act as both inlet and exhaust valve, 

I.the,bottom of the down-stroke the piston A first overnms)^^ 
.• ekjiauat port B, and the burnt gases .at once rushoOutjv^^^ 
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under slight compression in the crank-chamber due to the 



Fig. (3. I>iagram of air-ooo]c<l Iwo-stmkc two-port Day petrol engine. 

^|eseent of the piston—Hows into the cylinde* through the passage - ' 
^and is deflected upwards by a lip P ort the piston so as to'' 
^ possible, any “short-circuiting” through the ' 
5ficKau^ B. ^As in_ the preyibus case, the ascent of the 'piston first’ 



Itota'^tKe-ports fi»nd.B;^^'-'’a4%;eom^ 
coinbustion head, when it 'is 

SpHowis-; at the same time the^e is a part^ ^ao^h^\is^S^^pM 
i^nk-chamber and the suction valve E acoordib^y--^^>*@Wfei 
ting a fiosh charge of mixture' from tiie catburStlbr B' 
feowp as the “ two-porled” engine; by connecting th^be^fe®^^ 
with a port wliich is opened by the lower edge of the {asicft 
near the top of its stroke the valve E can be omitted; this, is Mb* 
" thjfee-ported ” Day engine, and in this form the motor ia vi^yil^;^, 
though in practice it is usual to fit a simple non-return v^vS 
the suction pipe, even in the three-ported type, to reduce the habiill^ '. 


to “ upset ” the mixture. _ ‘ ‘ ; 

Though the simplest form of internal-combustion engine that." 
has yet appeared, the Day engine usually suffers in a somewhat'- 
marked degree from most of the defects of the two-stroke c^clC' 
already referred to; the imperfect scavenging causes the f^h.- 
charge taken by the cylinder to become so diluted that great carp 
' ‘ must be exorcised in adjusting the carburettor to give just thb^;. 
rei^uisite strength of mixture, otherwise the engine reverts to a'^ 
sort of four-stroke cycle, every alternate down-stroke becoming a 
" scavenging" stroke; thus the Day petrol engine is very “ sensitivp^- 
: on its mixture. Further, there is at low speeds a considerable Ice^ 
' of fresh mixture by short-circuiting across through the exhaurt;. 
■; at high speeds this loss is much reduced, but the volume of fredh 
(fiiarge taken in is then much smaller. Some tests made by Watson: 
and Fanning in 1910 on a small three-ported 3J" X Day petrei- 
- 'engine showed that at 600 r.p.m. 36 per cent, of the fresh chargb 
i-was lost through the exhaust port, while at 1200 r.p.m. the, lo 8 ^ 
■ 's 20 per cent. The volumetric efficiency was about 40 per ceiitv 
.--th speeds, the greater loss of fresh charge through the exhai# 

. port at. lower speed counterbalancing the larger volume. fi® 

charge the entering the cylinder. j-' 

The 4.2 at 12 OO r.p.m., and the mechanical efficien.^- 

, # feus speed ’'•^as 80 per cent., the value of rjp being 51^ lbs. 
^qnare inch. Wa Penning concluded that this engine g^ 

;^;900 r.p.m. about . ,. 47 ^ and at 1500 r.p.m. about 1-29 of the 
::^,a foUr-Stroke engifi aq^al bore, stroke, and speed. 
■'i-VjNotwithstanding Hs ^ jj,a^^acks, the combined advant^S|’^ 
';;,^^rieity, low production and an impulse every rpy^^^g 

l^'vi'miilted in very large n these engines 



propulsion ot small 
W14-15,alsa-a large aU«.fe; 
: ®£i ®P*0'' bicycles recommenced using engines' of-iSii- 
^ low-priced machinfs. r - f 

^y^^n^ne rs not conveniently arranged in multi-cylinder 
s«/i crank-chamber must be completely enclosed m ord^^’ 
Mat may operate as a charging pump for its power cylinder ' ••■ 



Fie. 7l.-Laiiii,lotij;li two st.-okc .sii cjliii.lcr rotary eogine. 


y It Will be clear from inspection of fig. 73 that this engine will 
^ equally well in whichever direction of rotation it is started: 

the Ignition be advanced wlien running, a reduction in speed' 
^jy result m the sudden reversal of the engine, unless care be 
to set the ignition later as the .sjieed falls. ■ ! 

r;^ The Lamplough Rotary Aero Engine.—Among the engines 
^^n at the Aero Exhibition at Olyrnpia.in 1911 was 'the sixA- 
w^ered two-stroke rotary air-cooled Latnplough engine ilM,: 
in fig. 74. In a sirglc-acting two-stroke rotai^ engine ]|' 
whether the. Auniher of cylinders be odd m-'avntv-'.-: 
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each cylinder contributes one impulse per revoLvMm, so tb^t tf.J? 
be, the number of cylinders, the impulses follow one anothpf ;af 

equal angular intervals of degrees of rotation. 

In the Lainplough rotary aero engine the fresh charges', are 
supplied to the cylinders under small pressure by a rotary blower 
of special design mounted within a prolongation of the crank-case, 
as indicated; the charges enter the cylinders through ports near 
their bottoms, which arc overrun by the piston^ when near the 
end of their stroke, while the burnt gases are simultaneously 



Fig. 76.—60 U.l’. Laviator two-stroke rotary ongiiie. 


discharged directly into the atmosphere through mechanically 
operated valves located in the cylinder heads, as shown; in this 
way it was sought to improve the exhau.st scavimging, and at the 
same time reduce the loss of fresh mixiture by direct pa.s8age 
through the exhaust exit. 

The Laviator Two-stroke Rotary Aero Engine. — The 
French “ Laviator ” Co., who.se normal designs of aero engine are of 
the.'four-stroke vertical and vee types, have also attempted a gjx* 
cyljndered two-stroke engine which may be operated either'as a 
.tadial or rotary, being'rated at 6.5 15.11.P in the former case arid 
at '50 B.H.P. in the latter—presumably on account of the lo^ 
ioecfflsioned in this case by the resistance of the air to the rot&ti<rii 
of, Oie cylinders, etc. ’ 
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v^An external view of this engine is given in flg. 75, wMe fig.‘7.6 
. .^.Adi^minatac section substantially illustrating the methai of 

11^ compound; the 

?art of smaller bore the more distant from the crankshaft being the 

S rr ’ ft chafing 

pump CC, ea,ch charging pump is connected 'by the Eternal 
e ivery pipe DD with the power cylinder distant 120° from it in 



Fig. 7fs. Diagram illiMtratinj; action ol' sm-cylinflcr two stroke Laviotor 


rotary engine. 


the direction of relative crankshaft rotation, as shown, while a short 
suction pipe E connects the pump with one of the ports of a sixh 
ported boss FF of the cn'ink-case. which fits-on the hollow crank¬ 
shaft HH (showfi much exaggerated in the diagram to rendor it 
visible), through which the fresh mixture is supplied. In the 
.Imllow crankshaft is the long slot indicated, which, during the 
.relative rotation of the .shaft, registers in Succession with the six 

^ ports, in the boss 1*1, and thus enables each charging pump in turn 

y*tp; obtain .its CUlantitV Ot* fresh chanre whieli in rlna 




d'^yer^- 't* ;-,the' eortesptmMi^ pbw4f 
worijag strolce, the burnt gases amnltap^ly^e^w^?^ 
exliaust ports KK formed near the bottom pf^^e.w^orking 
lius in this engine the method of working ineluded 
of the Clerk and of the Day types, already described.' ^ 

One,bf these engines was shown at the Paris Aero Extabi ^^ 
1913 j the bore of the power cylinder was 3'94 inches and' 

5-12 inches; the normal speed was 1200 revolutions per 
and the engine, when rotary, was rated by the “^Jers as nf^. 
B H P. This corresponds to the moderate piston speed of lOZ^i reel 
per minute, while vp has the very low value of only 44 lbs. per 
square inch, showing that the enginesuffers from the low vommetnCv 
and mechanical efficiencies common to small quick-speed two-stroke 
rotary engines in general. Hence the relation of weight to power 
is not very good; the total weight of the engine complete was 
198 lbs., corresponding to 3-96 lb.s. per rated B H.P.; several four,, 

Stroke aero engines already described, notwithstanding thg leteer 

frequency of their working impulses, show a relation of weight O’ 

power materially less than this value. .. 

The di.sadvantages inherent in the small higli-sj.eed two-stroke^, 
petrol engine have, up to the present, prevented its successM 
Lploymeut in aero service; the. miilti-cylindered four-stroke, 
engine, arranged in rotary, radial, vertical, or vee formation, eon- 
■tinnes to occupy the entire field so far as concerns the piopulsion 
; of air-craft. 



